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Abstract 
 
 
Natural orifice transluminal endoscopic surgery (NOTES) represents a challenging 
concept to pursue in minimally invasive procedures, with a promise of becoming 
even less invasive, but with the additional issues of being team dependent and more 
technology intensive.  
The safety of patients undergoing any surgical procedure is of principal importance. 
When a surgeon performs laparoscopic procedures, he only has a two dimensional 
field of view and as a result, his spatial awareness is diminished. A surgeon operating 
under conditions of reduced spatial awareness poses an increased risk to a patient.  
Spatial awareness is deemed a necessary skill for safe deployment of NOTES 
procedures. Understanding the surgeon’s situational and spatial awareness during 
NOTES navigation is therefore of paramount importance for the safe performance of 
this type of procedures. Enhancing scene visualisation, for instance by means of 
additional viewpoints or electromagnetic tracking, seems a feasible strategy for 
augmenting spatial awareness in NOTES. This study aims to propose novel 
approaches involving electromagnetic tracking and additional off-axis visualisation 
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in an attempt to assess, as well as enhance spatial awareness of the operating field in 
NOTES.  
The original contributions of this thesis include: 
 Validation of an outlining approach to characterise spatial awareness in 
minimally invasive surgery particularly in NOTES; 
 Qualitative and quantitate assessment of spatial awareness in NOTES; 
 Identification of certain navigation behavioural patterns in NOTES; 
 Design and evaluation of a spatial awareness enhancement tool for NOTES. 
The value of the research presented in this thesis, as well as the potential for further 
development is also discussed in the context of spatial awareness in MIS in general.   
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Chapter 1 
Introduction 
 
 
 
aparoscopic surgery has evolved from a diagnostic tool to a minimally invasive 
surgical tool. Minimally invasive surgical procedures have been performed in 
ever-increasing numbers and the technology continues to evolve at a steady pace and 
some predict that almost all abdominal operations will eventually be performed 
laparoscopically.  
In medicine, new inventions typically start with the development of a new 
technology which after appropriate laboratory and animal validation is introduced in 
human trials. The history of minimally invasive surgery, however, shows the reverse: 
an invention for a certain medical use turns out to be able to aid in areas of surgery 
and results in a paradigm shift in the methods of performing surgery. Although the 
L 
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development of minimally invasive surgery has been criticized by some, it continues 
to increase in popularity, since these techniques are associated with less trauma and 
decreased morbidity for the patient [1].  
The use of endoscopy to diagnose and treat lesions of the alimentary tract has 
progressed increasingly over the past decades. The introduction of fibre optics, 
charge-coupled-device cameras, and increasingly resourceful light sources has 
enabled investigators to reach areas of the human gastrointestinal tract through 
flexible endoscopy not previously thought to be reachable without formal surgical 
exploration [2]. 
 
Natural orifice transluminal endoscopic surgery (NOTES) represents an appealing 
concept to pursue in minimally invasive procedures, because it is even less invasive 
and technically more intensive [3].  
Despite the fact that Kalloo et al. in 2004 announced the first description of this 
technique that involves the passage of a flexible endoscope through a natural orifice 
[4], first endoluminal procedure were performed in 1980 when Gauderer et al. [5] 
described a percutaneous endoscopic gastrostomy (PEG) - a surgical procedure for 
insertion a feeding tube through the skin and into the stomach with the endoscopic 
 18 
 
aid. In 1982 Kozarek et al. [6] reported first successful endoscopic drainage of 
pancreatic pseudocyst. Rao and Reddy in 2004 performed transgastric 
appendicectomy in humans [7]. 
After Kallo’s announcement of NOTES peritoneoscopy on animals, in 2007 
Brazilian Dr Riccardo Zorron performed the first series of NOTES cholecystectomy 
on 4 patients using the transvaginal approach [8].  
There is certainly disenchantment amongst some clinicians in the acceptance of this 
technique as it seems to go against the conventional surgical teachings, however, 
there are certainly potential advantages which make exploring this technique 
preferable. The benefits of NOTES are depicted in the Figure 1.1. 
 
Figure 1.1 Benefits of NOTES: The main justifications for natural orifice 
transluminal endoscopic surgery are improved cosmetic appearance, ease of access 
(through natural orifices), and the concept that human ingenuity and technological 
advance can continue to reduce the trauma, complications and discomfort associated 
with effective surgery. [9] 
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Besides the benefits, NOTES has several disadvantages such as: 
 technological limitations (lack of specifically designed for NOTES tools, as 
described in Chapter 3); 
 ethical and training challenges – considering limited number of general 
surgeons well-trained in flexible endoscopy, currently broad applicability of 
NOTES seems unlikely [10];  
 patient selection - there is no comprehensive patient selection criteria, and 
according to studies selected patients for NOTES transvaginal 
cholecystectomy were persons who are: (1) not obese (BMI > 35), (2) have 
no evidence of acute cholecystitis, (3) have had no prior abdominal or pelvic 
surgeries, and (4) who have no history or current symptoms of endometriosis 
or pelvic inflammatory disease [11], [12]; 
 access and closure of the surgical site.   
 
One of the challenges for NOTES procedures is the access to peritoneal cavity. Clark 
et al. performed the literature review between 2007 and 2011, which showed 48 
human studies reporting NOTES in 916 patients. They included in the review only 
transgastric and transvaginal procedures. This study reported that NOTES 
 20 
 
cholecystectomy was the prevailing procedure (682, 75%) and the most used access 
to peritoneal cavity was transvaginal approach (721, 79%). 424 procedures (46%) 
were pure NOTES (a procedure using flexible endoscopy without any abdominal 
incisions) and 491 (54%) were hybrid NOTES (procedures utilizing flexible 
endoscopy combined with additional placement of one or more trocars involving 
flexible or rigid endoscopes) cases [13]. A transvaginal approach has been the most 
used approach due to the availability of a standard closure method for the colpotomy. 
Transvaginal access to peritoneal cavity appears to be the safest and most feasible for 
NOTES, but only possible in in half the population. 
The transgastric approach seems to hold the most promise for the future, but for 
NOTES to be accepted as a viable alternative to current techniques, the access and 
closure methods of the gastrostomy need to be reliably tested and must show safety 
and efficacy profiles equal to those of current laparoscopic access methods. 
 
NOTES potentially involves a wide field of MIS. According to Nugent [14], the 
technical skills essential to perform NOTES represent a natural advancement using 
currently available and well-known MIS skills. (Figure 1.2) 
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*Laparoscopic colectomy, gastric bypass surgery, bariatric surgery 
 
Figure 1.2 The progression of minimally invasive surgical procedures. NOTES 
encompasses an extensive spectrum of minimally invasive surgery techniques such 
as flexible endoscopy, laparoscopic procedures, transanal endoscopic microsurgery, 
and also robotics, which currently utilized in surgical practice. Adapted from [14]. 
 
NOTES procedure requires not only involvement of a number of technical skills that 
support the basic interventional tools of different disciplines, but also relevant 
technical equipment. 
Despite recent progresses of the procedure, NOTES remains in its infancy. The 
method is clumsy and requires more surgeons and assistants to successfully carry out 
a straight forward surgical procedure than when undertaken laparoscopically.  
? 
NOTES, 
Robotic assisted 
surgery 
Advance laparoscopic 
procedures* 
SILS/LESS,  
Endoscopic mucosal resection 
Laparoscopic cholecystectomy,  
Nissan’s fundoplication 
Laparoscopic appendicectomy,   
diagnostic laparoscopy, 
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The problem revolves around the equipment. Current equipment is adapted for, 
rather than designed for NOTES. The endoscopes are rudimentary, based on 
instruments designed in the 1960s for intraluminal investigation. Although some 
special devices and tools are coming onto the market, they all tend to be based 
around the investigative endoscope [15].  
New instruments specifically designed for NOTES are under development and 
rapidly entering into the market. Flexible endoscopes with the ability to be made 
rigid on demand have been adapted with triangulating instruments to allow for 
retraction and dissection at the operative site. These devices and instruments will 
undoubtedly catapult NOTES into all surgical specialties and greatly enhance the 
efficacy of the technique. 
When an operator performs a NOTES procedure, because of the modality’s inherent 
characteristics, spatial awareness (SA) is challenged. Operating under conditions of 
reduced spatial awareness increases the risk of injury. In current NOTES practice, the 
endoscope tends to be retroflexed in order to determine its position using the forward 
facing camera. This is to ensure that it is not in the vicinity of a visceral organ with 
the potential of causing significant injury as well as to determine appropriate 
positioning of the endoscope for navigation. Lacking luminal constraints has the 
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potential to cause a ‘loss of bearings’ and disorientation within a spatial cavity.  
Both navigation and orientation of the endoscope play a significant role in ensuring a 
safe approach to the target organ whether using a standard or robotic design.  
To achieve these aims, this thesis is focused on applications to assess and enhance 
SA incorporating currently available tools and applications. 
The main objectives of the thesis include:  
 To investigate the spatial disorientation issues in existing navigation and 
surgical platforms designed specifically for NOTES and explore the 
limitations and approaches in NOTES and the potential applications with 
regards to the spatial awareness; 
 To classify the role of supplemental visualisation and electromagnetic 
tracking in NOTES navigation; 
 To identify a method by which spatial awareness could be characterised, 
compared and quantified; 
 To achieve a general understanding of the NOTES environment during 
navigation and to integrate available tools and applications in order to 
enhance and/or assess spatial awareness; 
 To develop a computer based software/application by incorporating SA 
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enhancement tools and to evaluate it in NOTES simulating environments. 
This thesis is structured as follows. To determine the best method of exploring SA in 
MIS, and particularly in NOTES, it is important to investigate its potential, 
limitations and approaches, and how it has been assessed and measured in other 
fields, such as aviation, psychology, which is presented in Chapter 2. 
In order to understand the impact of SA on NOTES procedures, a detailed review of 
presently available navigation platforms and surgical systems from the spatial 
awareness point of view is outlined in Chapter 3. 
In Chapter 4, we introduced the role of electromagnetic tracking systems for 
enhancing the spatial awareness in NOTES. The correlation of navigation task 
performance and spatial awareness is explored and effective behaviour is classified. 
The use of this method of analysis as a basis for future characterisation of spatial 
awareness is defined. 
Chapter 5 addresses the issues of spatial awareness and disorientation in NOTES 
navigation experiment during serial task performance. The role of supplemental 
visualisation for NOTES was highlighted in this chapter. It was investigated if there 
is a difference in NOTES navigation between novices, surgeons and endoscopists, 
and how the additional camera can improve the performance in each of those groups. 
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Chapter 6 represents the investigation of SA in NOTES experimental navigation 
performance. The explored spatial awareness patterns was described and quantified.  
Understanding the location of the tip of the endoscope is one of the main issues in 
NOTES and exploring the spatial awareness navigation patterns is crucial in terms of 
the safety in NOTES.  
In Chapter 7, a novel computer based software/application was introduced, aimed to 
enhance spatial awareness by integrating electromagnetic tracking system with 
conventional endoscopic camera system.  
Chapter 8 summarises the main achievements and potential limitations of the thesis. 
It also outlines key areas of future research. 
The major contributions of this thesis are:  
1. Investigation of spatial awareness and disorientation issues in existing 
navigation and surgical platforms designed specifically for NOTES; a 
detailed review of the available for NOTES systems has been performed, 
revealing their limitations and approaches with regards to spatial awareness. 
2. Identified a method by which spatial awareness in NOTES could be 
characterised and compared. As part of this thesis, it has been presented that 
the electromagnetic tracking is a useful tool for the evaluation of navigational 
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behaviour in the context of surgery. 
3. Investigated whether navigational behaviour could be categorised and 
quantified in the context of NOTES. It has explored the role of supplemental 
visualisation in NOTES for SA enhancement. This is one of the first reports 
of spatial navigation behaviour strategies employed by surgeons. 
4. This thesis presents a general understanding of the NOTES environment 
during navigation and which available tools and applications could be 
integrated to enhance and/or assess spatial awareness. 
5. Evaluated the use of computer based SA tracking box application for the 
current endoscopic systems, which has been described as a potential tool to 
enhance spatial awareness and is assessed in the context of NOTES 
navigation.  
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Chapter 2 
Spatial Awareness in MIS 
 
 
 
2.1 Overview 
n minimally invasive surgical procedures, surgeons often operate using an 
indirect and limited view of the operating field. During the surgical procedure, 
the endoscope or laparoscope is being manipulated and/or rotated, in order to focus 
on or zoom in on a specific tissue or structure, or zoom out to change the location on 
the surgical site.  
As the view from the endoscope is restricted, changes in the camera viewing points 
may require the surgeon to make visual-motor alterations to correlate the mapping of 
the displayed image onto the setting of the surgical instruments. The spatial 
orientation mismatches among the visual display space and the surgical site can 
I 
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significantly impede surgical performance. The most important outcome of this 
mismatch is visual and spatial disorientation for the surgeon. This issue is further 
exaggerated when non-rigid endoscope is used. Thus, minimally invasive surgery 
(MIS) and particularly NOTES performance requires a high degree of hand-eye 
coordination of the surgeon, as well as a good spatial awareness. 
In current NOTES, a flexible endoscope is often used to visualise the peritoneal 
cavity. Surgeon manipulates the scope by advancing it or pulling back to approach to 
the operating area. These kinds of movements can cause potential damages to the 
abdominal organs. In order to navigate the scope to the desired position, operator 
uses manipulating wheels at the handle of the endoscope.  The surgeon can lose 
sight of landmark by navigating from one location to another, which makes it 
difficult to maintain the spatial orientation. Spatial disorientation is a common 
experience for surgeons and endoscopists performing NOTES procedures.  
The important key-factor to successful minimal access surgery in general is to 
provide surgeons with the information necessary to support spatial awareness in the 
inner space of the peritoneal cavity. Particularly, in the case of NOTES, this means 
providing the operator with good visualisation and precise location of the endoscope 
inside the abdominal cavity during the whole procedure. This will reduce uncertainty 
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in navigational skills and the cognitive load required for mentally mapping the 
displayed video images onto the surgeon’s situational model of the surgical space.  
Spatial awareness plays a crucial role in the development of surgical skills for 
NOTES. Methods in aiding the clinician in the area of spatial awareness will provide 
a step forward in the development of the NOTES technique. Visual navigational and 
spatial orientation cues designed into NOTES equipment will reduce procedure time 
and shorten the technique’s learning curve. 
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2.2 Visual spatial ability and surgical competence 
Visual spatial perception as a part of visual spatial ability, which is a subset of spatial 
awareness, plays a significant role in surgery. With further advances in surgery, a better 
understanding of the role of visual spatial abilities in the acquisition of technical skills 
is needed. Thus far, there are many established surgical skills centres aimed at teaching 
doctors technical skills in addition to general medical knowledge. But the role of 
visual spatial abilities in the acquisition of surgical skills has not been fully explored.  
There are several studies which hypothesised the presence of a relationship between 
visual spatial and surgical ability [16], [17]. Yet, this relation has not been studied in 
depth and the presented results are conflicting due to issues such as a lack of validation 
for the specific used visual spatial test, failure to conduct objective assessments of 
particular surgical skill, and use varying samples while using general ratings of 
surgical ability. 
Gibbons et al [16] studied the relation between surgical and visual spatial ability and 
explored a progressive correlation between average scores of surgical skill and a 
specific form of spatial ability named as “field articulation”, which represents the 
ability to differentiate a simple figure from a complex environment.  
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It was suggested that visual spatial ability is a key predictor of laparoscopic 
performance [18], [19], [20]. Risucci et al. [21] found that surgeons score higher 
compared to the general population on visual spatial ability tests.  
Hedman et al. showed that visual spatial ability is able to forecast laparoscopic 
performance during the training stages [22] with positive correlation with the speed in 
acquiring laparoscopic skills [21].  Common laparoscopic performance measures 
such as time, economy of motion and a total score of performance, are widely 
researched, however, the role of spatial awareness as spatial patterns measures has not 
been investigated. This might be a more informative indicator for performance in MIS 
and NOTES, rather than just relying on the duration or performing speed.  
Based on the Three-Sratum Theory suggested by Carroll [23], visual spatial ability 
includes five factors such as (1) visualisation, (2) spatial relations, (3) speed of closure, 
(4) fluency of closure, and (5) perceptual speed.  
Visualisation is the ability to mentally manipulate relatively complex two-dimensional 
and three-dimensional figures and visual patterns. It was researched that in 
laparoscopic surgery only among laparoscopic novices visualisation has high 
correlations with the performance metrics such as time [21], motion economy [19] and 
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total performance [18]. 
The second factor of visual spatial ability is a spatial relation which refers to mental 
manipulation of the simple visual patterns. It has been shown that there is a positive 
correlation with duration of the training and the performance improvement [24]. 
However, in this study only visual patterns have been investigated, lacking the 
attention on the other spatial measures. 
Speed of closure, as a third factor of visual spatial ability, relates to the ability of 
identifying of incomplete visual patterns, using the memory’s mapping and matching 
techniques. This factor is thus far poorly investigated, although plays a significant role 
in spatial cognition in medicine [25].  
Fluency of closure refers to capturing and identifying complete but concealed or 
hidden visual patterns (Hidden Figures). It is the ability to distinguish a simple figure 
from a complex configurational surround. High scores on this factor suggest having a 
progressive influence on performance time in surgical training [16],[26]. 
And the last factor of spatial ability – a perceptual speed represents the speed in 
discovering a recognised visual pattern.  
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Visualisation is the most studied factor of spatial ability in the context of surgical skills 
and it was suggested that this factor has the durable prognostic power. Different visual 
spatial ability factors vary from each other in their complexity and processing speed. 
Therefore, different correlations with spatial awareness may be expected, which may 
also change throughout training.  
Most studies use a metric of time to assess surgical performance, without considering 
the other factors of analysis which are also very important either in surgical 
performance or in surgical training.  
Table 2.1 Summary of visual spatial ability factors, based on the Three-Sratum 
Theory [23]. 
Visualisation  Spatial 
relations 
Speed of 
closure 
Fluency of 
closure 
Perceptual 
speed 
Mental 
manipulation of 
complex 2D and 
3D figures and 
visual patterns 
Mental 
manipulation of 
simple visual 
patterns 
Identifying of 
incomplete visual 
patterns, using the 
memory’s mapping 
and matching 
techniques 
Capturing and 
identifying 
complete but  
hidden visual 
patterns (Hidden 
Figures) 
The speed to 
discover a 
recognised 
visual pattern. 
Correlated with 
time, motion 
economy and 
total 
performance. 
Correlated with 
duration of the 
training and the 
performance 
improvement. 
Plays a significant 
role in spatial 
cognition in 
medicine. Poorly 
researched. 
High scores on 
this factor 
suggest having a 
progressive 
influence on 
performance 
time in surgical 
training. 
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2.3 Spatial awareness in NOTES 
 
In NOTES, awareness of the position of the endoscope within the cavity is essential 
for both navigation and safety.  
The Natural Orifice Surgery Consortium for Assessment and Research (NOSCAR), a 
joint initiative supported by the American Society for Gastrointestinal Endoscopy 
(ASGE) and the Society of American Gastrointestinal and Endoscopic Surgeons 
(SAGES) [27] declared 12 essential challenges to the safe introduction of NOTES as 
illustrated in Table 2.1.  
 
As highlighted in the table, one of those barriers is a spatial orientation which 
constitutes SA.  
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Table 2.2 NOTES potential barriers to clinical practice. [28] 
 Access to peritoneal cavity 
 Gastric (intestinal) closure 
 Prevention of infection 
 Development of suturing and anastomotic devices 
 Spatial orientation 
 Development of a multitasking platform to accomplish procedures 
 Management of intraperitoneal complications 
 Physiological untoward events 
 Compression syndromes 
 Training 
 
The safety of patients undergoing any surgical procedure is of principal importance. 
When a surgeon performs an endoscopic procedure he only has a two-dimensional 
field of view and as a result his spatial awareness is diminished. As mentioned before, 
in the current NOTES practice, the endoscope tends to be retroflexed in order to 
determine its position using the forward facing camera. This is to ensure both that it 
is not in the vicinity of a visceral organ with the potential of causing significant 
injury but also to determine appropriate positioning of the endoscope for navigation 
purposes. Lacking luminal constraints has the potential to cause a loss of bearings 
within a spatial cavity and indeed disorientation. 
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Spatial awareness is an important component of Situational Awareness which is best 
explained and defined by Endsley [29] as “the perception of the elements in the 
environment within a volume of time and space, the comprehension of their meaning 
and the projection of their status in the near future”. Situation awareness plays an 
important role in aviation as well. For instance, during a flight, developing Situation 
Awareness involves an assessment of several internal and external factors to detect 
the presence, magnitude, and possible targets of a perceived hazard. The pilot is 
required to evaluate numerous features of aircraft behaviour such as altitude, speed, 
etc. In order to assess different responses to the potential threat the pilot must 
consider the status of resources, in view of factors that may limit available options, 
such as equipment fault, lack of fuel, weather conditions. This is very similar to 
NOTES procedures, where the operator is required to evaluate the instruments’ 
position, speed and path of movements, the condition of performed tasks such as 
cautery and dissection and safe site closure. According to Endsley, Situation 
Awareness is divided into three levels (Figure 3.1): perception, the awareness of cues 
and information in the environment; comprehension, the retention, interpretation and 
combination of perceptual information to provide meaning; and projection, the 
ability to anticipate future events [30]. 
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Figure 2.1 Endsley's model of situation awareness [31] 
 
Level 1 of Endsley’s Situation Awareness model is based on perception of elements 
in current situation, where operators perceive the status, characteristics, and 
dynamics of all relevant elements in the environment. Situation awareness for MIS is 
illustrated in Figure 2.2. 
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Figure 2.2 Situation awareness for MIS (adapted from Endsley’s model). 
 
In surgery, for example, surgeons have to perceive important elements such as 
anatomical status of the abdominal cavity, intra-abdominal injuries or diseases, 
intraoperative surgical landmarks as demonstrated in Figure 2.3. This forms SA of 
the operating field. SA also means that an operator appropriately responds to 
essential informational clues. This response contains four key elements: operator, 
main informational cues, behavioural cues, and adequacy of the reactions.  
Perception of informational cues (Level 1 of Situation awareness) is fundamental not 
only in aviation, but also in surgery, particularly in minimally invasive procedures.  
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Figure 2.3 Illustration of SA formation in surgery: anatomical status, 
intra-abdominal pathology, surgical landmarks, status and position of instruments 
generate necessary information for SA foundation. 
 
 
In NOTES, the surgeon maintain the main informational cues appropriate to his 
familiarity to the environment, and reacts and behaves according to his experience 
level. For example, it is familiar to endoscopists operating in close environment 
without the need to identify the operating field horizon, as they are accustomed to 
operate in close tubular environments such as colon, oesophagus, etc. In contrary, 
laparoscopic surgeon requires to have the positional clues within the close 
surroundings.  
In some instances, for example during the NOTES cholecystectomy, when the gall 
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bladder is out of viewing range, trained laparoscopic surgeon may have to rely on 
visual display in order to locate and to navigate to the gallbladder using the upper 
abdominal wall as the horizon (informational cue). However, for the same case, 
trained endoscopists may navigate through the organs without requiring the horizon 
as an informational cue. Apart from this, additional off-axis visualisation will also 
deliver more information about the field of operation as it will enhance the 
information about position of the endoscope or instruments. Visual spatial 
representation of the environment is therefore critical to all surgeons performing 
NOTES procedures and will increase the perception which is accordingly will 
enhance SA. 
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Figure 2.4 Spatial awareness enhancement through 3 main informational cues. The 
source of visual information of the surgical site and the status of instruments in the 
abdominal cavity play very important role in SA of the operator. 
 
 
We assumed that this representation must include three crucial source of information 
such as the video image from the main camera, additional off-axis visualisation and 
the image of position of the video camera within the operating field (Figure 2.4). All 
these three clues will supply more information of the operating situation and 
therefore will enhance the operator’s SA. 
Yang et al [32] by describing the issue of loss of spatial orientation in NOTES, stated 
that the endoscopist is able to visualise only structures in front of endoscope camera. 
Spatial 
awareness 
enhancement 
Main camera video 
Information of 
position of video 
camera/instruments 
Additional or 
augmented 
visualisation 
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The precise location of the scope, its orientation to the access site, and relations of 
other organs adjacent to the target organs cannot be judged intuitively and accurately. 
Moreover, the manoeuvre of the endoscope in the abdominal cavity is reliant on the 
operator’s experience. Therefore, there is a possibility of longer operation time and 
higher risk for damaging surrounding normal tissues.  
The need to be aware of the entire surgical site at all times is important in MIS and 
particularly in NOTES because the endoscope limits peripheral vision, deteriorating 
spatial awareness.   
Research on navigation and SA has been performed in various fields, such as driving, 
aviation and locomotion. There are analogous SA limitations across many areas, such 
as the limited view of the working place, the poor informational content of the 
display, the dynamic navigational task, the operator’s accurate representation of the 
environment and the state of spatial disorientation [33]. 
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2.4 Spatial awareness measurement 
 
SA of an individual is a comparatively difficult to measure [34]. According to 
Endsley [30] SA and performance measures are only related probabilistically, and 
that there are no set thresholds of SA to guarantee a given level of performance. They 
proposed relative levels of SA. With regards to the design issue, this would mean an 
enhancement in SA (after the addition of new layout) relative to the level measured 
before this introduction. Pew [35] suggested that measurement potentially should 
also allow comparison to the “ideal” SA which is perfect knowledge on all related 
aspects of a situation. An operator’s SA level can be partly determined by the quality 
and quantity of the available information and by the operator’s capability to use the 
essential information cues. Entin [36] suggested two types of SA measurement: 
high-level and detailed SA. High-level SA measures facts according to operators’ 
responses to general questions about the current situation. The detailed SA is 
measured with questions about elements of the situation based on a global 
assessment of operator SA requirements. Rapidly changing information reduces 
detailed SA. During the MIS procedure operator may not have time to integrate all 
the incoming information into a coherent picture. 
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2.5 Models of spatial awareness 
 
According to the widely accepted definition of SA, in a 3D orientation task, a person 
who has good SA has fast access to an accurate mental representation of the altering 
environment and may be able to predict his spatial situation in the near future. [37] 
SA can be seen as a subset of Situation Awareness or rather a specific application of 
it and it has many, often vague definitions. For our study, we consider SA as an 
addition to spatial orientation, where spatial orientation is assumed as the ability to 
distinguish an operator’s orientation or location in 3D space.  
In aviation, SA of pilot is represented by six fundamental variables: pitch, roll and 
yaw (slip) of the aircraft, altitude, deviation from a flight path, and position along a 
flight path. More factors directly and indirectly, need to be continuously monitored to 
build a complete spatial model [38]. In surgery, an operator’s SA is determined by 
five main variables, such as the anatomical status of abdominal cavity, the 
intra-abdominal pathology, the known surgical landmarks, the status and position of 
the instruments. 
All variables-features are cross-linked, which means that one or more variables 
influence other variables in the future [37].  
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2.6 Spatial orientation and disorientation 
 
For this thesis, spatial awareness considered as an extension of spatial orientation. 
Spatial orientation can be defined as the ability to distinguish an operator’s 
orientation or position in 3D space. 
There are known following types of disorientation such as postural, temporal, spatial, 
auditory, vestibular, positional, and rotational. In MIS, and particularly in NOTES, 
main problems are related to spatial disorientation. The generally accepted definition 
for spatial disorientation is “A state characterised by an erroneous sense of one's 
position and motion relative to the plane of the earth's surface" [39]. Heinle and 
Ercoline [40] suggested to tackle spatial disorientation by separating it into three 
different categories: Type I - unrecognised, Type II - recognised, and Type III - 
incapacitating, where each type impacts the operator in a various way. 
The Type I - unrecognised spatial disorientation, clarifies the phenomenon as a state 
where the operator is unaware of the pre-defined operational parameters. This type of 
disorientation is most common, due to numerous psychophysiological variables such 
as task saturation, canalised attention, fatigue, etc. 
The second Type of spatial disorientation – recognised SD creates a phenomenon 
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known as a sensory mismatch or at least the awareness that something has gone 
wrong, which is most common in aviation. 
The Type III of SD is the least common and well known in aviation. There are only 
few studies performed on this type of spatial disorientation, and it is also called as 
the giant hand illusion phenomenon. 
 
In NOTES, where access to the operating field is limited, endoscopic operation is 
conducted by the narrow view of the operating site presented on an endoscopic video 
monitor. In case, when the presented anatomy is not identified by familiar structures 
or landmarks, and/or the image is alternated, operators often become disoriented. 
This disorientation could be either unrecognised (when anatomy is altered or not 
recognised) or recognised (when the camera or instruments movements lead to 
disorientation). 
 
  
 50 
 
2.7 Performance assessment in MIS 
 
To understand spatial awareness in NOTES navigation, the correct assessment of 
performance is needed, based on the well-known metrics such as time, path length. 
There are numerous studies suggesting methods to assess performance in MIS. 
Stylopoulos et al. [41] introduced a computer-enhanced laparoscopic training system 
capable of tracking the motion of laparoscopic instruments and providing feedback 
about performance in real time. The system contains a mechanical interface with a 
set of tasks, and an internet-based software interface.  They conducted a study 
recruiting 30 expert surgeons. The results showed that the medical subjects were not 
completely satisfied with the currently existing virtual reality simulators. Moreover, 
the metrics parameters widely used in available simulators (performance time and 
total path length) were rated very low.  
The metrics were graded most important in evaluating task performance included 
[42]: 
 Smoothness of motion, measured by the sudden jerk defined as 
𝑗 =
𝑑3𝑥
𝑑𝑡3
 
and representing a change of acceleration. The time-integrated squared jerk is 
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minimal in smooth movements  
P = √
1
2
∫ j2dt
T
0
 
 Depth perception, measured as the total distance travelled by the instrument 
along its axis 
P = ∫ √(
dx
dt
)
2
dt
T
0
 
 Response orientation, which represented the amount of rotation about the axis 
of the instrument and illustrates the ability to place the tool in the proper 
orientation in tasks involving grasping, clipping or cutting. 
P = √∫
d2θ
dt2
dt
T
0
 
Sokollik et al. [43] proposed a new model for skills assessment and learning curve 
program in MIS. The approach was to use the tracking of motion for the definition of 
objective metrics. They tracked the 3D coordinates of the instruments tips with an 
ultrasound system. The metrics included already validated parameters (time, error 
time, and distance efficiency ratio) and other metrics such as transit profile and speed 
profile. 
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The transit profile was used for analysing transit characteristic shapes and other 
features. To do this, the transit trajectory was projected onto a 2D image. In this way, 
the z-values would be lost while a description of time-dependent movements in terms 
of planar coordinates can be retrieved. The value described how close the 
instruments came to the target point in rapid movement. 
 
The speed profile was the speed curve during a transit approach. It showed a 
characteristic shape: a rapid increase to a maximum, followed by a slower decay. It 
was assumed that novices have a longer phase of a relative low speed at the end, 
while they try to touch the target. This phenomenon was translated into a time 
relationship between peak width and overall time. 
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2.8 Electromagnetic tracking systems in MIS 
 
There are many different procedures in minimally invasive surgery requiring the 
surgeon to carry out procedures using the camera to achieve a wide-range view of the 
operation and instrument delivery volumes. A wide field of camera view allows the 
surgeon to be more oriented and identify the complex structures within the 
abdominal cavity [44]. Regardless of high quality image and good augmentation, 
many anatomical structures, that are vital, remain covered by the visible tissues. 
Computer guided surgery for NOTES procedures can be used to provide image 
guidance during these interventions, which can result in better outcome. This field is 
one subset of minimally invasive procedures in which images provide assistance 
during the treatment aimed to improve the accuracy, speed, and patient outcome.  
 
Current image-guided surgery utilises specific tracking devices to determine the 
location and orientation of the tracked tool to show it on a preoperative image.  
Most tracking sensors include two parts: a tracking sensor and a tracker device. The 
tracking device is positioned by the patient and usually this takes the form of a 
camera or an electromagnetic field generator. The sensor typically is small and 
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attached to an instrument or to the patient. There are passive or wireless and active or 
wired trackers exist.  
 
For many years, tracking techniques have been applied to orthopaedics and 
neurosurgery, largely based on optical tracking systems [45]. One of the major 
requirements of these systems is to use the tracked targets in the line of sight of the 
tracking device. Different types of location and position tracking devices have been 
used in surgery over the years, including mechanical spatial linkage devices, 
sound-based position sensors, optical trackers, and electromagnetic tracking systems 
[46]. 
The major problem with optical tracking systems is that they require a direct optical 
path between the position sensor system and tracking targets. In MIS, and 
particularly in NOTES, a direct line-of-sight is practically absent, and the 
instruments cannot be tracked with use of optical technology. 
 
Although the optical systems are very accurate, the biggest disadvantage of these 
systems is the requirement that there must be a direct line of sight from all of the 
cameras being used to all targets on all trackers being used.  
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Instruments used with optical systems are limited to rigid devices [47]. Even small 
bends of the instrument between the tip and the tracker bring error since the tip is 
assumed to be in a fixed relationship to the tracker. Optical systems are not suitable 
for tracking needles or other flexible devices such as endoscope [46]. Furthermore, 
the ergonomics of these systems is poor. It is practically impossible to rigidly attach 
tracked targets directly to the soft tissue, and the frames tend to be relatively heavy 
and large.  
The EM tracking systems are most suitable for tracking in NOTES. The ability of 
electromagnetic systems to track without the direct line of sight to the 
instrumentation is an advantage of this technology. 
There are also some limitations for use of EM systems in NOTES. Firstly, they have 
smaller tracking volumes, which can lead to problems in some image-guided 
procedures [48]. The second limitation is that large metal devices may adversely 
affect the accuracy of these systems [49].   
 
These systems have completely different tracking model in contrast to the optical 
tracking system. They contain a field generator (FG) producing magnetic fields, and 
a receiver with one or more sensor coils that acquires the signals and can be attached 
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to or embedded in the instrumentation. They are able to determine the location and 
orientation of the tool with respect to the FG based on the sensor coil’s electrical 
measurements and a physical model of the magnetic field. According to the manuals, 
the accuracy of electromagnetic sensors is reported to be approx. 0.9 mm [50]. The 
small size of the sensors makes them particularly attractive for embedding into 
devices such as needles, catheters, guided wires and flexible endoscopes [51, 52].  
 
 
Table 2.3 Examples of EM trackers with comparative specifications. 
 NDI 
Aurora
1
 
Ascension 
MiniBIRD
2
 
Field Type  AC Field  Pulsed DC Field  
DoF  5DoF / 6DoF  6DoF  
Accuracy  
(5DoF)  
Pos: 0.7mm RMS 
Ori: 0.3o RMS 
N/A  
Accuracy  
(6DoF)  
Pos: 0.9mm RMS  
Ori: 0.8
o 
RMS  
Pos: 1.8mm RMS  
Ori: 0.5
o 
RMS  
# Sensors  8 (5DoF), 4 (6DoF)  2 per unit (can daisy chain) 
Sample Rate  40 Hz (1-5 sensors) , 22 Hz (6-8 
sensors)  
120 Hz  
Range  500mm  +/- 760mm  
Sensor Size  0.8∅ x 10mm (5DoF)  10 x 5 x 5mm  
1
 Specifications from Northern Digital datasheet available at http://www.ndigital.com/aurora.php  
2
Specifications from Ascension datasheet available at 
http://www.ascension-tech.com/products/microbird.php 
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The biggest advantage of these systems is the lack of a line of sight limitation 
between the tracking sensor and FG, which enables the tracking of an object inside of 
the body directly at the distal end, as opposed to tracking markers at a distant handle 
as is typical when using optical systems. Table 2.2 displays some of the 
commercially available electromagnetic systems with specifications: NDI Aurora and 
Ascension miniBIRD.  
Aurora EM system from Northern Digital, Inc. (Waterloo, Ontario, Canada) and the 
microBIRD
TM
 system from Ascension Technology Corp. (Burlington, VT, USA) are 
equipped with a software application programming interface that can be incorporated 
by researchers into a computer guided surgery system. Webster-Biosense’s NOGA 
and CARTO EM systems are mostly used in cardiac electrophysiology studies. The 
Mediguide’s EM system is used particularly for intravascular ultrasound guided 
procedures. The Calypso Medical is working on a wireless EMTS for use in 
radiotherapy. SuperDimension has developed a system for specific bronchoscopic 
applications. 
The main disadvantage of the EMTS used in a clinical practice occurs with the 
presence of ferromagnetic metals or conductive material which reduces the accuracy 
of these systems significantly [53].  
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EM tracking has already been used in minimal invasive surgery with flexible 
ultrasound probes and would be applicable to NOTES.  
NOTES is a technique that uses flexible instruments and endoscopes and represents a 
new challenge even for mature laparoscopists or gastroenterologists. Understanding 
the orientation of the tip of the scope is one of the main issues. Hypothetically, 
surgeons who are using laparoscopy and flexible endoscopy should have a shorter 
learning curve.  
Real-time tracking of the scope’s tip and displaying the position and orientation of 
the endoscope would be an advantage during NOTES, as it will allow the operator to 
identify the position of the instruments or/and camera, permitting smoother 
intra-abdominal navigation and safer surgical performance due to enhanced spatial 
awareness. 
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2.9 Conclusion 
 
Spatial awareness has been widely researched in aviation and has a long history of 
research in the psychology community. There is a clear lack of data in relation to 
MIS, however we know that it is associated with serious complications, morbidity 
and mortality.  
The valuable studies in aviation and psychology described in this chapter provide us 
with important information and concepts as to how this research can be applied to 
find solutions to the spatial awareness paradigm. Currently there is a limited 
understanding of spatial behaviour as a whole in relation to NOTES. The key to 
understand the spatial behaviour is possibly in the ability of identifying and 
quantifying the spatial behaviour patterns. To this end, EM tracking devices can 
provide us with information on the spatial navigation and behaviour associated with 
SA. By studying navigational spatial patterns it is theoretically likely to develop a 
structure by which differences in behaviour can be outlined, described and 
quantified. 
Implementing the EM trackers with the existing endoscopes or navigation platforms 
for NOTES would be a considerable step forward to enhance spatial awareness of the 
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operator. By performing more complex procedures in NOTES such as colorectal 
surgical intervention, a double access technique will be required, and the optimal 
orientation and position of the two sites can be simulated and calculated during those 
procedures utilising EM tracking. Also, understanding the operator’s navigational 
behaviour will allow us to design the tracking tool incorporated with the navigation 
platform specific for NOTES.  
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Chapter 3 
Spatial disorientation for NOTES 
navigation platforms 
 
 
 
3.1 Introduction 
ince the beginning of the 20th century, physicians have promoted 
laparoscopy as a valuable adjunct to the diagnosis and treatment of diseases 
of the abdominal cavity.  
Endoscopic examinations are known from 460-375 BC, when Hippocrates described 
a rectal speculum similar to the modern one [54, 55]. In 1806 Philip Bozzini 
designed an instrument called the “Lichtleiter" – light conductor that potentially 
could be introduced into the human body for visualisation of the internal organs. This 
endoscopic prototype was never used in humans, but Bozzini is considered as the 
inventor of the first endoscope [56].   
S  
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In 1853 the French surgeon Jean Desormeaux, who is often considered as the father 
of the endoscope, announced a device similar to the Bozzini’s “Lichtleiter”, for 
urethral and rectal  investigations [57]. The first thoraco/laparoscopy on humans 
was reported in 1910 by the Swedish doctor Jacobaeus, 10 years after the German 
surgeon Kelling performed the first experimental laparoscopy, using the 
pneumoperitoneum called “air-tamponade” [58]. 
In 1980 the German gynaecologist Kurt Semm performed and reported the first 
laparoscopic appendectomy, and he is considered as one of the pioneers in minimally 
invasive surgery [59]. At the same time the British gynaecologist Patrick Steptoe 
started to perform laparoscopic procedures in the United Kingdom. 
The first laparoscopic cholecystectomy was performed in 1985 by the other German 
doctor Erich Muhe, using the Semm’s instrumental setup and his own designed 
laparoscope [60, 61].  
Laparoscopy, however, failed to become widely accepted among abdominal surgeons 
until Philippe Mouret performed his first laparoscopic cholecystectomy in 1987 [62].  
Around the same time, the procedure of laparoscopic cholecystectomy was 
established in Bordeaux (Perissat), Nashville (Reddick et al.), Dundee (Cuschieri and 
Nathanson), and Los Angeles (Berci et al.) [63]. 
Several laparoscopic procedures have now become the methods of choice, including, 
for example, laparoscopic reflux surgery [64], cholecystectomy [64], appendectomy 
[65], adrenalectomy [66], obesity surgery [67] and within the treatment of subgroups 
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of inguinal hernia [68]. Although the development of minimally invasive surgery has 
been criticised by some, it continues to increase in popularity, since these techniques 
are associated with less trauma for the patient and decreased morbidity [1].  
The use of endoscopy has progressed increasingly over the past few decades. In the 
1950’s, endoscopy relied on stiff telescopes, direct visualisation, and hazardous 
sources of lighting. The introduction of fibre optics, charge-coupled-device cameras, 
and increasingly resourceful light sources has enabled investigators to reach areas of 
the human gastrointestinal tract through flexible endoscopy not previously thought to 
be reachable without formal surgical exploration [2].  
 
The first report of oral peritoneoscopy performed on animals was published by 
Kalloo et al. in 2004 [9]. Since then, multiple researchers have used transluminal 
flexible endoscopy in animal models to perform various intraperitoneal procedures, 
ranging from tubal ligation to splenectomy [69]. Natural orifice transluminal 
endoscopic surgery (NOTES) is currently in its infancy in visceral surgery [70-72] 
and to bring NOTES closer to clinical settings, a new set of tools must be developed 
[73, 74]. Deconstruction of the endoscope and reconstruction in a NOTES-friendly 
manner will be an important long-term contribution [75]. Existing endoscopes have 
 64 
 
been designed for maximum flexibility to ease their introduction and passage through 
the gastrointestinal tract. Stability of the tip of the scope was not necessary for 
therapeutic interventions, as the narrow gastrointestinal track allowed enough 
stability and fixation during endoscopic procedures.  
 
Narrow field of view, inadequate depth perception, imperfect tactile feedback, 
coupled with restricted mobility and instrument management are recognised 
limitations in minimally invasive surgery using endoscopic instruments.  
 
According to Bardaro and Swanstrom [76], there are several specific requirements 
for endoscopes considered for NOTES, including visual-spatial disorientation, size, 
image, insufflation, suction and irrigation, manoeuvrability, stability and 
triangulation. These are illustrated in Table 3.1. Current endoscopes do not satisfy 
most of the requirements mentioned above.  
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Table 3.1 Requirements for endoscopes to be used for NOTES [76].  
Size: The shaft should be between 18 and 22 mm in diameter and should contain at least 3 
channels ranging in size from 3 to 6 mm. One channel for imaging and at least two other 
channels to manoeuvre instruments. 
Image: The image should have sufficient resolution and adequate illumination to distinguish 
different anatomical structures. These requirements can be met with the current state of 
digital imaging used in present day endoscopes and laparoscopes. 
Insufflation: The device should have high flow CO2 insufflation to create sufficient 
pneumoperitoneum so that there is adequate space to manoeuvre the instruments safely. 
Because intraperitoneal pressures in excess of 15 mm Hg. are injurious, systems that control 
intraperitoneal pressure are needed. 
Suction /irrigation: The device should be able to efficiently remove blood, blood clots and 
fluids from the surgical field. Managing potential complications requires their prompt 
recognition and proper instrumentation for timely intervention. 
Manoeuvrability: The tip of the device should have the ability to manoeuvre in all planes: 
vertical, horizontal and lateral and the shaft should have the ability for 180° retroflexion. 
Stability: The device should allow complete flexibility for insertion and positioning with 
subsequent rigidity of the shaft and continued flexibility of the tip. Shape Lock technology 
currently available could solve this requirement. 
Triangulation: It should give the surgeon the ability to manipulate tissue with traction and 
counter-traction in all planes. In order to accomplish this task efficient grasping technology 
and a wide multitasking platform need to be developed. 
All existing surgical platforms for NOTES can be grouped into two different groups, 
such as a) endoscope-based and b) robotic-based navigation platforms. 
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3.2 Endoscope-based surgical platforms for NOTES 
Currently available flexible endoscopes are insufficient to perform transluminal 
surgical procedures. Issues with modern flexible scopes include the lack of a 
multitasking platform, the number and size of access channels, the inability to 
position and then “rigidise” the endoscope to allow robust retraction and exposure, 
the inability to control insufflation pressures, fixed visual horizons that force the 
surgeon to adjust to tilted or inverted views, and inadequate suction/irrigation 
capabilities. Although these problems can be solved to some extent with adequate 
scope-handling skills and by varying the surgical approach, the platform remains 
sub-optimal for regular use. The main advantages of the endoscope for NOTES are 
that it is readily available and operators are used to the manipulation of the 
instrument. All published human trials have been using the flexible endoscope, either 
utilizing transvaginal, transrectal or transgastric access [77], [78], [79], [80], [81]. 
Table 3.2 illustrates the appraisal of published human series of natural orifice surgery 
till Dec 2009. 
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Table 3.2 Appraisal of published human series of NOTES. 
Study 
No. of 
cases 
Procedure 
Complications 
(N, %) 
Operative 
time (min) 
Postoperative 
stay (h) 
Transvaginal NOTES 
Branco et al (2007)  1 TV cholecystectomy 0 150 24 
Bessler et al (2007)  1 TV cholecystectomy 0 210 24 
Marescaux et al (2007)  1 TV cholecystectomy 0 180 48 
Zornig et al (2007) 1 TV cholecystectomy 0 85 
 
Zorron et al (2007) 1 TV cholecystectomy 0 66 48 
Zorron et al (2008) 4 TV cholecystectomy 0 45-115 48 
Ramos et al (2008) 32 TV cholecystectomy 0 38 6 
Branco et al (2008) 1 TV nephrectomy 0 170 12 
Zorron et al (2008) 1 TV cancer staging 0 105 48 
DeCarli et al (2008) 1 TV cholecystectomy 1/1 85 72 
Forgione et al (2008) 3 TV cholecystectomy 0 136 48 
Noguera et al (2009) 15 TV cholecystectomy 1/15 89.62 12-24 
DeCarli et al (2009) 12 TV cholecystectomy 
 
125.8 48 
Gumbs et al (2009) 4 TV cholecystectomy 0 209 23 
Davila et al (2009) 1 TV cholecystectomy 0 ND 24 
Sousa et al (2009) 4 TV cholecystectomy 0 210 24 
Zornig et al (2009) 68 TV cholecystectomy 1/51 51 48-144 
Palanivelu et al (2009) 8 TV cholecystectomy 1/8 148.5 96 
IMTN Multicenter Study 
Group (2008) 
362 
TV cholecystectomy 
TV appendectomy 
TV sleeve 
gastrectomy 
TV nephrectomy 
TV colectomy 
TG appendectomy 
TG cholecystectomy 
32/362 99-111 45.01 
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Palanivelu et al (2008) 1 TV appendectomy 0 103.5 48 
Bernhardt et al (2008) 1 TV appendectomy 0 ND 72 
Lacy et al (2008) 1 TV colectomy 0 150 96 
Burghardt et al (2008) 1 TV colectomy 0 ND ND 
Ramos et al (2008) 4 
TV sleeve 
gastrectomy 
0 95 48 
Fischer et al (2009) 1 
TV sleeve 
gastrectomy 
0 ND ND 
Zorron et al (2009) 1 
TV 
retroperitoneoscopy 
1/1 210 96 
Transgastric NOTES 
Rao and Reddy (2005)  14 
TG appendectomy 
TG tubal ligation 
TG cholecystectomy 
TV cholecystectomy 
2/14 ND ND 
Marks et al (2007) 1 TG PEG rescue 0 ND ND 
Hazey et al (2008) 10 TG cancer staging 2/10 ND ND 
Horgan et al (2009) 11 
TG appendectomy 
TV cholecystectomy 
0 78-165 24-48 
Dallemagne et al (2009) 5 TG cholecystectomy 0 150 ND 
Auyiang et al (2009) 4 TG cholecystectomy 0 ND ND 
Salinas et al (2009) 39 
TG cholecystectomy 
TV cholecystectomy 
18/39 140 8.2 
Transvesical NOTES 
Gettman et al (2007) 1 TU peritoneoscopy 0 40 24 
Transcolonic NOTES 
Zorron et al (2009) 1 TC colectomy 0 350 144 
Total 617 — 59 (9.6%) — — 
ND - not documented; TV - transvaginal; TG - transgastric. 
One of the main issues of current available platforms for NOTES is a limited 
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operating space and this was the main point of review of described platforms along 
with other features. 
 
NeoGuide 
The NeoGuide system was initially designed for colonoscopy. It has been developed 
to overcome the problems of looping during traditional colonoscopy [82]. (Figure 
3.1)  
         
Figure 3.1 NeoGuide System. [83] 
 
The system detects the insertion depth of the endoscope and the position of the tip of 
the colonoscope and based on that it creates a real time 3D map of the patient's colon. 
System’s sensor attaches to the patient and that sensor indicates the depth of the 
insertion of the endoscope. The NeoGuide system also has the ability to measure the 
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angle of articulation at the tip. By linking these two data inputs, they are able to track 
the tip of the scope at any given depth. As the colonoscope is advanced, the computer 
directs each following segment to take the same shape that the tip had at a given 
insertion depth. The insertion tube consequently changes its shape at different 
insertion depths in a ‘follow-the-leader’ manner. The NeoGuide system has a steering 
mechanism with a simple joystick thumb control. In addition to manoeuvrability, 
NeoGuide system has ability to become rigid providing “bird’s eye” view, which is 
similar to laparoscopy that allows having wide field of view. The stability is also an 
advantage. According to the developers, the NeoGuide scope would be able to raise 
and support tissues, which is very important for NOTES procedures [84]. Belson 
concludes that in bench and clinical studies, the NeoGuide system has been shown to 
potentially address looping in colonoscopy. When applied to laparoscopy or NOTES, 
this technology may also address the needs for improved surgical site access, 
stability during surgery and orientation when navigating to the surgical site. Early 
bench studies are reported to have been promising in all of these areas. Further 
animal and cadaver studies are underway to optimize the platform design [85]. 
NeoGuide is available for use in colonoscopy, but there is no information for the 
specific application of NOTES. 
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TransPort™ and ShapeLock 
 
The TransPort™ Multi-lumen Operating Platform (USGI Medical, USA) serves as a 
platform for introducing the endoscope and flexible instrument. (Figure 3.2)  
a             
b  
 
Figure 3.2 TransPort
TM
 (a) and ShapeLock (b) form USGI. [86] 
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The TransPort™ uses ShapeLock technology, which allows it to be inserted via a 
natural orifice in a flexible state. It then can be locked into a rigid configuration, 
providing a stable platform for surgery [87], [88]. The working end of the 
TransPort™ can be guided freely, granting the operator good visualisation of the 
target. 
The TransPort™ has 4 operating channels (two 6mm and two 4mm channels).  An 
endoscope is inserted through one channel to illuminate and visualise the operative 
site.  The endoscope can be rotated within this channel to regulate the visual horizon 
so that “up” is truly “up”, regardless of the position of the TransPort™, thereby 
decreasing disorientation.  The other channels may contain surgical instruments. The 
Transport is capable of 180° retroflexion as well as lateral movements and can be 
frozen in place by closing a lever, whereas the tip still has independent four-way 
movement for fine surgical manoeuvres [89]. It also provides the use of controlled 
CO2 insufflation, providing the safety and control of laparoscopic 
insufflation. According to Swanstrom and Bardaro [76], triangulation is still minimal 
for the TransPort™ device. The complexity of the system requires skilled and 
advanced assistants. The manual control of the system does not allow smooth and 
precise movements of the end of the scope and instruments. 
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Cobra 
 
The “Cobra” device has been developed by USGI (USGI Medical, USA) to solve the 
issue of triangulation. They added 3 independent arms to the ShapeLock-based shaft 
TransPort™ (Figure 3.3).  
 
 
 
Figure 3.3 Cobra from USGI Medical, USA. [86] 
 
The idea of endoscopic triangulation is to reproduce the experience of complex 
two-handed laparoscopic dissection and suturing. The advantages of endoscopic 
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triangulation are the ability to perform traction and counter-traction and to maintain 
visualisation of the surgical area without moving the optics when the instruments are 
moved. 
The Cobra device uses a standard 6 mm flexible endoscope inserted through the 
centre channel of the scope. This makes the Cobra itself less complex and therefore 
more cost effective. Although the controls of this device are mechanical, currently 
the cable-driven controls are imprecise, which makes the Cobra difficult to use for 
fine procedures. Another disadvantage of this technology is that the instruments are 
fixed and require that the device be removed to exchange tools and then 
re-introduced [76].  
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R-scope  
 
R-scope (Olympus, Japan) is a modified standard flexible scope with two movable 
instrument channels as shown in Figure 3.4 [2]. The one channel moves a grasping 
forceps vertically for tissue counter-traction, and the other swings a cutting knife 
horizontally for dissection.  
 
  
Figure 3.4 R-Scope, Olympus. A) The endoscope; B) the tip of the scope with 
working instruments. [2] 
 
This allows the scope to be positioned at the operative field and then frees the 
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surgeon’s hands to perform fine retraction, dissection and manipulation. The R-scope 
also has a larger, separate channel for suction and irrigation. It has been reported that 
in laboratory settings, this scope can be successfully used for intraluminal procedures 
and antegrade intra-abdominal procedures such as biopsies [76].  
 
Astudillo et al [90] evaluated this endoscope for performance of transgastric 
cholecystectomy in 16 pigs. The endoscope was sufficiently stable to be used without 
an overtube and facilitated retraction and dissection. The important disadvantages of 
this system are visual-spatial disorientation and its size and flexibility. 
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Direct Drive Endoscopic System 
 
The Direct Drive Endoscopic System (Boston Scientific, Natick, MA, USA) consists 
of three elements: a pair of articulating instruments, a steerable guide sheath that 
accommodates a small calibre video-endoscope, and a rigid rail platform. The 
articulating instruments are introduced  through channels in the guide sheath. 
(Figure 3.5)  
 
Figure 3.5 The Direct Drive Endoscopic System (DDES) from "Boston Scientific". 
[86] 
 
 
The system has one 6mm lumen for an available flexible endoscope and two 4mm 
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lumen for the steerable instruments capable of performing six degrees of independent 
motion. Control of the instruments is performed through ergonomically driven 
handles, which slide on the rail platform passing hand motion to the tips of the 
instrument. According to the Rothstein’s and Swanstrom’s study, this platform 
system enabled advanced intraluminal endoscopic surgical procedures and NOTES 
procedures. The DDES has undergone feasibility studies in performing endoscopic 
mucosal resection and endoscopic submucosal dissection in porcine model [91], [92]. 
This platform with standard endoscopic accessories (curved needle knife, scissors 
and tissue graspers) was used in porcine model to create 2 by 2cm endoscopic 
mucosal resection using saline lift technique. Outcome measurements included 
performance time, adequacy of the resection sampling, and clinical complications 
and their resolution. The new DDES was able to perform gastric endoscopic mucosal 
resection with precise endoscopic submucosal dissection in a live porcine model [91]. 
Disadvantages of this system are the complexity, which requires a long time for 
installation, navigation is still poor and instrument exchange is cumbersome. Apart 
from that, the other disadvantage of the DDES is the lack of spatial awareness as it 
uses endoscope as a base. 
 
 79 
 
3.3 Robotic-based platforms  
 
Overview 
There has been an increase in research focusing on the assistance of robots to 
perform minimally invasive surgery, although, the establishment of robotic 
technologies in endoscopy and particularly in NOTES have been more challenging. 
Rapidly developing miniaturised robotic modules and integration of functions may 
allow performing surgical tasks through natural orifices. 
 
Master-slave surgical robotic system 
 
In 2006 the scientific group of S.C. Low reported the master-slave surgical robotic 
system for therapeutic gastrointestinal endoscopic procedures that could also be used 
for NOTES-related applications. They designed and built a master-slave robotic 
system to enhance gastrointestinal endoscopic procedures as shown in Figure 3.6.  
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Figure 3.6 Master–slave surgical robotic system: schematic presentation. [93]  
 
The developed system includes a long and flexible body that enables advancement of 
the endoscope through a human natural orifice. In in vitro experiments a user was 
able to apply the master-slave system to perform tasks such as grabbing and cutting 
as well as pick and place. Future animal trials are planned using the developed 
system [93].  
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ViaCath 
 
The ViaCath System, developed by EndoVia Medical (Norwood, MA, USA), is a 
first generation teleoperated robot for endoluminal surgery. The system involves a 
master console with haptic interfaces, slave drive system, and long-shafted flexible 
instruments that run in conjunction with a standard endoscope. The two articulated 
robotic instruments on the tip are placed in front of the endoscope, allowing the 
performance of bimanual manipulations under visual control. (Figure 3.7)  
 
 
Figure 3.7 ViaCath – robotic endoluminal surgical system. 
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Many electromechanical modules in the ViaCath system were initially developed by 
EndoVia for Laprotek, a teleoperated surgical robotic system for laparoscopic 
surgery [94]. The Laprotek architecture is modular by design allowing individual 
components to be upgraded without requiring a complete system redesign. ViaCath 
built on this technology by using the existing surgeon console and slave motor packs. 
The ViaCath system was validated using bench top tests with inanimate phantoms, 
manipulation of excised tissue, and in-vivo animal evaluations [95]. The 
disadvantage of the first generation ViaCath was that the devices were difficult to 
introduce into the gastrointestinal tract and manipulation forces were insufficient. 
The off-axis camera position of the ViaCath could enhance spatial awareness in 
terms of improved visualisation. 
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3.4 Micro Robots  
 
Miniature robot family 
 
An alternative concept is the use of mobile miniature in vivo surgical robots that can 
be placed endoscopically into the peritoneal cavity and can be controlled wirelessly. 
Studies have demonstrated that robotic systems help with providing visual feedback 
through on-board cameras and task assistance with the help of attached manipulators. 
Rentschler and colleagues developed an endoluminal robot (12 x 75 mm in size), that 
is presented in Figures 3.8 and 3.9 with capability of transgastric exploration under 
gastroduodenoscopic control.  
 
 
 
Figure 3.8 NOTES micro robot in the peritoneal cavity (a), stretch and dissect of 
cystic duct (b).[96]  
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Figure 3.9 (A) Mobile endoluminal robot or modular crawler. (B–D) Modular 
crawler inside the abdomen in a porcine model performing liver biopsies. 
 
The mobile robot contains a helical wheel profile, which provides sufficient traction 
for mobility without causing tissue damage. Two independent motors control the 
wheels, thus providing forward, backward, and turning capability. The robot tail 
prevents the counter-rotation of the robot’s body when the wheels are turning. This 
micro robot has been used successfully in the porcine abdominal environment and 
there are plans for formal NOTES animal testing soon [97].  
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University of Nebraska AB1 Robot  
 
The University of Nebraska has developed the AB1 multi-armed miniature robot 
with stereovision capabilities that is able to provide the surgeon with a stable 
repositionable platform for visualisation and tissue manipulation while performing 
NOTES procedures in the peritoneal cavity. 
 
 
 
Figure 3.10 AB1 Robot. [98] 
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The robot, as shown on the Figure 3.10, contains two “arms” linked by the rotational 
joint to a main “body” [99]. Each arm consists of an upper and a lower arm 
connected with cautery or grasper end effectors. The body of the robot is fixed to the 
abdominal wall using magnets fitted in the body of the robot and an external 
magnetic handle that allows surgeon navigate the robot in the abdomen during the 
surgical procedure. According to the authors, this miniature robot is 
NOTES-compatible and has successfully tested in non-survivable porcine models 
performing cholecystectomy and small bowel dissection. Although it is unlikely that 
the micro robot could be used alone to perform surgical procedures such as an 
appendectomy, it could be used in conjunction with the endoscope to achieve better 
visualisation and greater mobility in the peritoneal cavity [100].  
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3.5 Results 
 
NOTES navigation platforms and surgical systems were reviewed focusing on the 
visual-spatial disorientation including the following endpoints: 1) characteristics of 
the platforms, 2) availability, 3) advantageous characteristics, and 4) potential 
disadvantages. This study included 6 different navigation platforms and 3 robotic 
systems for NOTES.  
 
Table 2 provides a summary of the discussed navigation platforms and surgical 
systems for NOTES. 
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Table 3.3 Navigation platforms and systems for NOTES (summary). 
Name Type 
 
Availability Advantageous 
characteristics 
Potential 
disadvantages 
NeoGuide 
(NeoGuide 
Systems, USA) 
Endoscope-Based Available for 
colonoscopy 
Manoeuvrability 
Stability 
Visualisation 
Visual-spatial 
disorientation 
Insufflation 
TransPort with 
Shapelock (USGI 
Medical, USA) 
Endoscope-Based Available in 
the market 
Manoeuvrability 
Stability 
Decreased 
disorientation 
Visual-spatial 
disorientation 
Triangulation 
Complexity 
Cobra (USGI 
Medical, USA) 
Endoscope-Based Prototype Triangulation 
Visualisation  
Imprecise 
movements and 
control 
R-scope (Olympus, 
Japan) 
Endoscope-Based Prototype Manoeuvrability 
Triangulation 
Stability 
Precise movements  
Visual-spatial 
disorientation  
Size 
Flexibility  
Direct Drive 
Endoscopic System 
(Boston Scientific, 
USA) 
Endoscope-Based Prototype Manoeuvrability 
Triangulation 
Stability 
Precise movements  
Visual-spatial 
disorientation  
Size 
Complexity  
Master-slave 
surgical robotic 
system  
Robotic-based Prototype Manoeuvrability 
Triangulation 
Stability 
Precise movements 
Visual-spatial 
disorientation 
Size 
Navigation 
ViaCath (EndoVia)  
(Lehman AC, 
Dumpert J et al.) 
Robotic-based Prototype Manoeuvrability 
Triangulation 
Stability 
Visualisation 
Illumination 
Visual-spatial 
disorientation 
Introduction to GI 
tract 
Manipulation 
Micro robots 
(Group of 
Oleynikov D., 
USA) 
Robotic Prototype Manoeuvrability 
Visualisation 
Illumination 
Precise  
movements 
Visual-spatial 
disorientation 
Can only be used in 
conjunction with 
another platform 
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3.6  Conclusion 
 
In discussing specifics of a platform, it is important to understand what is required of 
the platform. The first question to address regarding platforms for NOTES is whether 
to use the endoscope as the primary platform, a multilumen overtube, or complex 
systems involving robotics, or a combination of these. If the endoscope itself acts as 
the primary platform, it will require multiple channels and demand a larger diameter 
scope. A better approach may be to reduce the scope diameter and place working 
channels outside the scope [95]. Modern endoscopes do not have the stability to 
allow for precise dissection. This problem was solved with an overtube, for instance, 
ShapeLock. Based on it, a multi-lumen platform TransPort
TM
 has been developed. 
Another promising prototype is the Direct Drive Endoscopic System which has the 
ability of triangulation and independent instrument control, as this allows more 
advanced surgical techniques such as suture closure with curved needles and knot 
tying to become possible. An enhanced field of view using an additional camera or 
an “off-axis” camera is helpful to capture the whole procedure and this would help to 
reduce undesirable events such as organ laceration and if such events do occur, they 
are more likely to be visualised so that consequences could be diminished. With 
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more advanced technology, a wider and better field of view may be achievable using 
a multi-tasking platform, such as the integration of multiple cameras on separate 
arms of endoscopic devices. 
The novelty and complexity of the devices and the fact that this type of new surgery 
requires sophisticated and skilled assistants means that there is a substantial learning 
curve for its use, and it is essential that the development of these platforms is 
performed in designated research units with adequate facilities for simulation and 
initial cadaver and animal trials. Existing endoscope-based NOTES platforms have 
many advantages, but efficient and safe navigation remain a concern in their use. 
These issues may be solved with a forward driven, multi-segmented, fully kinematic 
robotic platform armed with active constraints and with the advantages offered by a 
human-robot interface since current robotic systems for NOTES possess several 
disadvantages such as size, cost, navigational properties  and manipulation. The 
micro robots described appeared relatively easy to navigate the around peritoneal 
cavity and with further development may hold great potential for use in NOTES, 
although the use of described magnets on the patients might be doubtful due to its 
deleterious effect. Another important issue is that none of the discussed platforms are 
widely available in the market, and when they do become available, the cost is likely 
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to be substantial. This will unfortunately inhibit the uptake of these technologies by 
some surgical units. The development of a multitasking system and stable platform is 
perhaps not necessary for performing very simple procedures, but will be critical to 
the use of transluminal surgery for more complex procedures. To produce the 
optimum platform necessary for NOTES procedures, close collaboration between 
clinicians, engineers and industry is paramount. It is likely that the innovative 
process requires substantial further refinement before a suitable platform is brought 
forward for human trials. One of the main limitations of the described platforms is a 
spatial disorientation or limited SA. None of the available and proposed surgical 
systems and platforms for NOTES have a solution to resolve a spatial disorientation 
issue. SA enhancement tools would solve the spatial disorientation problem in 
NOTES platforms. 
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Chapter 4 
Spatial Awareness in NOTES 
navigation 
 
 
 
4.1 Introduction 
 n the previous chapters, we have introduced main factors of spatial 
disorientation during endoscopic surgery and platforms that have been 
developed to enhance instrument control during NOTES. It becomes evident that a 
general study of the context and domain structure for NOTES procedure is necessary 
by using general metrics such as time and path, or other more detailed information to 
elucidate the underlying factors that affect spatial awareness in NOTES navigation. 
This will provide us with a model of the system (surgeon + patient + endoscope + 
display), which identifies the limitations that must be overcome for effective 
I 
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performance of the task. The requirement of the navigational aid can be defined by 
the gap between the specification of the limitations for the system and the fulfilment 
of these limitations by the current system/technology. The potential benefit of using 
and validating spatial awareness (SA) analysis framework is the ability to understand 
the behaviour with limited SA. It could allow us to study individual SA and relate 
that to more global behavioural patterns and potentially associate this with other 
outcome parameters. The hypothesis of this chapter is that correlation between time 
and path length in NOTES navigation and SA scores in the same task will remain 
consistent and will further increase by adding navigational aid to the task.  
For this study an Aurora electromagnetic tracking system (EMTS) (NDI, Canada) 
was used, which consists of a field generator, a control unit, and sensor interface 
units as shown in Figure 4.1.  
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Table 4.1 Aurora electromagnetic tracking System (NDI, Canada). 
 
 
The sensors consist of small coils that connect to the sensor interface unit. The 
five-degree-of-freedom (5-DOF) sensor is 0.8mm in diameter and 180 mm in length. 
According to the manufacturer, the sensor has a typical positional accuracy of 0.9–
1.3 mm and angular accuracy of 0.3–0.68. The system’s working volume is 500 x 
500 x 500 mm and starts 50 mm from the front of the field generator. This volume is 
sufficient to cover the area of interest for abdominal interventions. (Figure 4.2a) 
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a       b  
 
Figure 4.1 Aurora EM System measurement volumes (a) and global coordinate 
system (b) of the magnetic field of FG. 
 
 
The field generator (FG) uses a coordinate system with the origin located 
approximately on the surface of the FG and the axes aligned as shown in Figure 4.2 
(b). This global coordinate system is defined during manufacture and cannot be 
changed.  
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4.2 Methods 
 
The aim of this study is to explore the correlation between standard performance 
metrics (time and path length) and SA scores, and investigate how the additional aid 
(e.g. supplemental visualisation) will change the performance outcome in NOTES 
navigation. 
Our group has developed the Natural orifice simulated Surgical Environment 
(NOSsE) (Figure 4.2) that is a suitable platform for exploring some aspects of the 
NOTES technique, particularly with the focus of ergonomics [101]. 
 
Figure 4.2 Natural orifice simulated Surgical Environment (NOSsE). 
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The NOSsE phantom was created from a modified laparoscopic training box with 
dimensions of 40 x 40 x15 cm. As an access point a hole was drilled in the bottom 
plate of the box. Simulated organs, including the rectum, stomach, small bowel and 
transverse colon, were made from molding liquid latex (Magnacraft, Midhurst, UK) 
and rolled to form a flexible tube. These were filled with polystyrene beads to 
introduce surface texture. Solid organs, including a liver and ascending and 
descending colon, were made from expandable foam filler (Evostik™; Bostick, 
Middleton, MA) molded and shaped. The phantom box was filled with these model 
organs to simulate anatomy. All the model organs were fixed to individual cut 
Plastiglass™ (Plastiglas SA, Hauterive, Switzerland) sheets, which, in turn, were laid 
within the box. Despite their approximation to the true anatomy, these models can be 
visually recognizable as representations of their related organs. The whole internal 
environment of the phantom was painted to reflect the internal peritoneal 
environment by using acrylic mixed with the liquid latex before molding.  
The phantom dimensions mimic the abdominal cavity under condition of 
pneumoperitoneum, which allows performing simulated intra-abdominal procedures. 
The constructed phantom replicates intra-abdominal pressure between 10 to 15 mm 
Hg, creating sufficient space for the procedures: the distance of the simulated organs 
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from the surface of the box containing them was 28cm, replicating the insufflated 
abdominal cavity during conventional laparoscopy. 
This simulated environment proposes a uniform transluminal and spatial 
environment, which provides the ability to perform flexible endoscopic NOTES 
navigation, to assess instrument ergonomics, visual-spatial awareness and the effect 
of disorientation.  
For the experiment the FG was located under the NOSsE, and one sensor coil was 
attached to the tip of the endoscope. (Figure 4.3)  
 
a b  
 
Figure 4.3 FG under the phantom (a) and sensor soil attached to the tip of the 
endoscope (b). 
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4.2.1 Experimental setup 
 
In order to obtain data from the Aurora EMTS, its system control unit was connected 
to the computer that simultaneously collected data from the Tobii eye-tracker using 
specified software. As the Tobii eye-tracking system’s sampling rate was well-known, 
the synchronisation of Aurora EMTS data with Tobii eye-tracking data was 
performed. For that reason, dedicated software has been developed. The main 
functionality of the developed synchronisation is based on acquiring data from the 
Aurora EMTS through a RS232 connection, and sending them to the eye-tracking PC 
over a network connection. These data are “infused” into the eye-tracking data which 
are already time stamped. The resulting text file containing time-stamps, eye-tracking 
data and Aurora EMTS data are saved on the local hard drive. The following 
schematic demonstrates the functionality and the data flow involved. 
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Figure 4.4 Data flow chart of the synchronisation software. 
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4.2.2 Magnetic Tracker Imperial College Explorations Software (MATRICES) 
 
For data analysis the application MATRICES was developed based on the MATLAB 
Figure 4.5. Magnetic Tracker Imperial College Explorations Software (MATRICES) 
is a graphical user interface for the exploration of data collected from the Aurora 
EMTS.  
 
 
Figure 4.5 Magnetic Tracker Imperial College Explorations Software (MATRICES) 
 
This software tool permits 3D visualisation of the markers positions either on EMTS 
original frame space or against a reference scene, as represented by an image. (Figure 
4.6) 
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a  b  
c  
Figure 4.6 Magnetic Tracker Imperial College Explorations Software: a) 3D 
visualisation of the markers position with regards to the NOSsE image, b) trajectory 
of the movement of the endoscopic tip with the magnetic sensor, c) linear 
representation of the movement. 
 
In the latter case, a registration procedure must be complied so that Aurora EMTS 
coordinates can be rotated and translated to the scene space. In addition to the basic 
visualisation of the raw signal, MATRICES also provides with basic tools for 
manipulating a timeline where experimental stimulus or conditions can be expressed 
as landmarks during the experiment duration. Furthermore, basic “cut and crop” tools 
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are included in the GUI, which allows extraction, selection and basic analysis of 
sub-sequences. 
Before the start of the experiment, detailed calibration was performed. The goal of 
the calibration process was to “map/match” the Aurora EMTS axes with scene 
location in a consistent way to the 2D space as accurately as possible [102]. 
Calibration process was performed with the endoscope and attached to it the sensor 
coil by touching and holding for 5 seconds on four defined points of calibration in 
specified sequence. For calibration a rigid registration algorithm was used. The 
whole process involves the following actions: The physical space was bounded by 
means of 4 reference points on the surface of the NOSsE phantom.  
For each of the user-defined points, the tracker recorded the x, y, and z position of 
the coil. An illustration sample of calibration data visualisation with MATRICES is 
shown in Figure 4.7.  
 104 
 
 
Figure 4.7 Calibration points and axes with regards to the NOSsE (point 1 was used 
also as a 5th point to complete the calibration process). The z axis is not displayed. 
 
 
 
Figure 4.8 Calibration points in MATRICES application 
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After data collection, the MATRICES application was used to perform the rigid 
calibration of the acquired raw data. There are 5 segments of each x, y and z axes, 
corresponding with the calibration points. (Figure 4.8) 
Figure 4.9 shows three axes of the registration process, and each access consists of 6 
vertical segments with deviations between them. The first segment was omitted, as 
the start point of calibration was the beginning of the second segment. 
 
 
 
 
 
 
 
Figure 4.9 Linear interpretation of the calibration data. 
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The reference point identification is as follows. MATRICES assumes that the time 
spent in each reference point is approximately the same, and that the point have been 
visited in the specific order. Each calibration segment is divided into 5 fragments:  
 “approach” – when the sensor coil attached to the tip of the endoscope sensor 
was approached to the calibration point,  
 “stabilisation”- when the coil is close to the target point,  
 “point”- when the sensor coil is being hold stable at the calibration point; 4. 
“destabilisation”- when the coil is starting to move away from the target, and 
finally  
 “departure”- when the sensor coil is being moved to another point of 
calibration. The “point” segment represents the most stable position of the 
sensor and hence its mean value is used as the target position. 
 
Since calibration process was finished the navigation task has been performed. 
Figure 4.10 shows the control screen which embedded the video from the scope and 
the EMTS tracking data. 
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Figure 4.10 Control screen shows the endoscopic video with sensor coils’ position 
coordinates. 
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4.3 Experimental Task 
 
The navigation task consisted of 10 sequentially numbered targets simulating a path 
likely to occur during a NOTES cholecystectomy with peritoneoscopic examination. 
The task was carried out 3 times (1-3 sessions) initially without the additional 
visualization with the laparoscopic camera and a final time with it (4th session) by 
each subject. Navigation between any two targets was not permitted to exceed 1 
minute. 
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4.4 Analysis framework 
4.4.1 Statistical analysis 
 
The dexterity data were statistically examined using the SPSS (SPSS v16, Chicago, 
USA). Performance data was statistically analysed employing non-parametric tests of 
significance. Comparison of medians of several non-parametric groups was 
performed using the Kruskal-Wallis test. We used this test to compare performance 
time, path length and dexterity scores during 4 sessions of experimental NOTES 
navigation. For navigation behaviour patterns assessment in different subject groups 
Earth Mover’s Distance was utilised as a metric for quantitative comparison.   
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4.4.2 Earth Mover’s Distance 
In order to establish patterns of behaviour, similarities between navigational maps are 
established by means of Earth Mover's Distance. The Earth Mover’s Distance (EMD) 
[103, 104] is a metric or distance measure between signatures or histograms. 
Originally inspired by a transport problem, the earth mover’s distance conceptualizes 
a signature of spatial distribution of a variable as piles of sands, represented by 
weights or values in the histogram bins. A target distribution is then conceptualised 
as a complementary set of destination holes in which the sand of the first distribution 
is to be delivered. Constraints ensure that the maximum possible amount of sand is 
moved, that no more sand than the available from each bin is taken and that no hole 
receives more sand than its capacity. Finally, the set of amounts of sand taken from 
each bin to each hole or flow in the EMD jargon is then optimised to yield the final 
EMD value. 
In summary [105], EMD evaluates the dissimilarity between two multi-dimensional 
distributions. More technically, each distribution is composed of a set of points xi, 
and each of one with an associated weight wi. This is referred to as the weighted 
signature of the distribution. The EMD between two signatures is the minimum 
amount of ‘‘work’’ needed to transform one signature into another. The work 
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required is the proportion of weight being moved multiplied by the distance between 
the old and new locations.  
Consider two distributions 𝑋 = {(𝑥1, 𝑤𝑥1), (𝑥2, 𝑤𝑥2), . . . , (𝑥𝑚, 𝑤𝑥𝑚)}  and 
𝑌 = {(𝑦1, 𝑤𝑦1), ( 𝑦2, 𝑤𝑦2), . . . , (𝑦𝑛, 𝑤𝑦𝑛)}. It is possible to define a cost matrix C={cij} 
such that 𝑐𝑖𝑗 (known as ground distance) represents the cost of transforming a point 
𝑖 = 1 . . . m from distribution X into a point j =1 . . . n from distribution Y. 
 
Mathematically, EMD is defined as: 
𝐸𝑀𝐷(𝑋, 𝑌) =
∑ ∑ 𝑐𝑖𝑗𝑓𝑖𝑗
𝑛
𝑗=1
𝑚
𝑖=1
∑ ∑ 𝑓𝑖𝑗
𝑛
𝑗=1
𝑚
𝑖=1
 
where each 𝑓𝑖𝑗  is a flow representing the amount of weight moved from 𝑖 to 𝑗. 
EMD aims to find a flow set 𝐟 =  {𝑓𝑖𝑗}  that minimizes function 
∑ ∑ 𝑐𝑖𝑗𝑓𝑖𝑗𝑗=1…𝑛𝑖=1…𝑚  subject to the following constraints: 
𝑓𝑖𝑗 ≥ 0, 1 ≤ 𝑖 ≤ 𝑚, 1 ≤ 𝑗 ≤ 𝑛 
∑ 𝑓𝑖𝑗 ≤ 𝑤𝑦𝑗,     𝑗 = 1 … 𝑛
𝑚
𝑖=1
 
∑ 𝑓𝑖𝑗 ≤ 𝑤𝑦𝑗,     𝑗 = 1 … 𝑚
𝑛
𝑖=1
 
∑ ∑ 𝑓𝑖𝑗 = min (∑ 𝑤𝑥𝑖
𝑚
𝑖=1
, ∑ 𝑤𝑦𝑗
𝑛
𝑗=1
)
𝑛
𝑗=1
𝑚
𝑖=1
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For this work, weights 𝑤𝑖  were assigned inversely proportionally to the size of the 
distribution in number of points so that ∑ =𝑤𝑖 1. We calculate the ground distances 
𝑐𝑖𝑗   as the Euclidean distances in the coronal plane in A.U., i.e., 𝑐𝑖𝑗 = 𝑑𝑖𝑗
𝑃  . Since 
the ground distances are induced by an L2 norm, EMD is a lower bounded metric 
[103]. 
 
Figure 4.11 EMD comparison plots for NM histograms for all subjects’ navigation 
consequently from target 1 to 5. 
 
Figure 4.11 illustrates the EMD matrix of pairwise comparison of the 2D histograms- 
Navigation maps. Each row/column corresponds to one NM (Subject-Session). The 
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matrix is symmetric when EMD(X,Y)=EMD(Y,X). Redder colours represent higher 
EMD (less similarity between NM), and blue colours represent lower EMD (more 
similarity). The main diagonal is 0 and corresponds to self-distances. 
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4.5 Results 
4.5.1 Overall performance 
 
Based on the data of the Aurora EM tracker we generated the total path length of the 
endoscopic tip’s movement during the navigation experiment. The box and whisker 
plots in Figure 4.12 illustrate the differences in the total path length (A.U.) of 
movements required to complete the whole navigation course. 
 
 
 
Figure 4.12 Results of overall navigation. Box plots illustrate variations in total path 
length required to complete 4 sessions. Outliers are denoted by black circles and 
extreme values as a black star. 
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4.5.2 Navigation Maps 
 
Based on the spatial movement’s data we generated 2D histograms called 
“Navigation maps (NM)” of the navigation in NOTES navigation experiment. The 
plots were produced using in–house developed MATLAB application, which allows 
creating 2D histograms based on the Aurora EMTS data (Figure 4.13). 
 
 
Figure 4.13 Navigation map – 2D histogram based on Aurora EMTS data. 
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Figure 4.14 represents the Navigation maps of the subject 2 performing all 4 sessions 
of the experiment. 
 
 
                 Session 1          Session 2 
 
               Session 3              Session 4 
Figure 4.14 Navigation maps of the subject 2 (based on the Aurora EM tracker data 
and produced by MATLAB). 
 
These NM represent the qualitative analysis of navigation behaviour in spatial 
environment. According to this figures, the brighter spots indicate the longer location 
of the endoscopic tip within the phantom.  
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4.5.3 Performance Cones  
 
The relation between time and path length can be appreciated in the series of Figure 
4.15. This relation is wrapped by a diverging cone – which was called a Performance 
cone. The performance space given by the performance metrics unveiled a 
Performance cone of endoscopic manoeuvre quality by which short timed, smooth 
and effective navigation can be identified. In other words, the whole performance 
circles are located in the Performance cone, which alters with regards to targets. If 
the target is unreachable or is difficult to be reached, the performance cone becomes 
wide and inclines to the time axis, as the navigation time to that target and path 
length increase (e.g. in case of target 8). In case when the target is easy to reach, the 
cone becomes narrow and circle mostly located in the same place close to the zero 
point (e.g. for targets 1 or 3). The identification of these manoeuvres and its contrast 
with opposite poor quality ones were qualitatively explored in the Navigation maps 
to reveal both efficient and erratic navigation. 
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Figure 4.15a Navigation performance Scatter plots demonstrate the overall 
navigation performance of ten subjects from target 1 to 2 in consecutive order, 
indicating if the target reached (black circles) or not (empty circles). Numbers in the 
circles correspond to the subject numbers. Blue lines represent the “Performance cone” – 
narrow “Cone”. 
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Figure 4.15b Navigation performance Scatter plots demonstrate the overall 
navigation performance of ten subjects from point 3 to 4 in consecutive order, 
indicating if the target reached (black circles) or not (empty circles). Numbers in the 
circles correspond to the subject numbers.  
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Figure 4.15c Navigation performance Scatter plots demonstrate the overall 
navigation performance of ten subjects from point 5 to 6 in consecutive order, 
indicating if the target reached (black circles) or not (empty circles). Numbers in the 
circles correspond to the subject numbers. Blue lines represent the “Performance 
cone”. 
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Figure 4.15d Navigation performance Scatter plots demonstrate the overall 
navigation performance of ten subjects from point 7 to 8 in consecutive order, 
indicating if the target reached (black circles) or not (empty circles). Numbers in the 
circles correspond to the subject numbers. Blue lines represent the “Performance 
cone”. 
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Figure 4.15e Navigation performance Scatter plots demonstrate the overall 
navigation performance of ten subjects from point 9 to 10 in consecutive order, 
indicating if the target reached (black circles) or not (empty circles). Numbers in the 
circles correspond to the subject numbers. Blue lines represent the “Performance 
cone” – wide “Cone” in this case. 
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According to the generated navigation performance scatter plots, the navigation 
performance changes with regards to the time. The whole performance circles are 
located in the performance cone, which alters with regards of targets. Whenever a 
target (e.g. target 1) was easily reachable, this cone converged with data close to the 
origin, reflecting rapid location time and comparatively short navigation path. If the 
target (e.g. target 8) proved challenging to locate, the performance cone broadened as 
the navigation time and path length to reach that target increased. A general trend of 
longer path length requiring longer time is apparent. However, these metrics do not 
share a linear relationship. 
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4.6 Conclusion 
 
The main finding of the experiment are: 1) there is a correlation between time and 
path length in simulated NOTES navigation, and this correlation can be visualised 
and assessed through the “Performance cones”; 2) the additional visualisation 
improves NOTES navigation, decreasing the performance time and shortening the 
path length, as judged from the generated navigation maps. This study was designed 
to evaluate SA in NOTES navigation using an EMTS and tracking an endoscope 
within a spatial environment, which we anticipated would be one of the available 
methods of SA exploration in NOTES. The results of this study indicate the 
correlation between time and path length in NOTES navigation. The new analysis 
framework was described for SA assessment. By analysing the navigation maps and 
performance cone of experimental NOTES navigation we will be able to understand 
the direction-finding behaviour that will allow us to design a tool/application, which 
will ease the navigation process in NOTES by enhancing spatial awareness.  In this 
chapter the role of two important metrics for SA has been explored. It was also 
represented the developed methods of those metrics’ measurement. These methods 
will be used for further investigation of SA enhancement.  
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Chapter 5 
Impact of supplemental 
visualisation on spatial behaviour 
in NOTES navigation 
 
 
 
5.1 Introduction 
he need to be aware of the whole surgical field at all times is critical in 
Natural orifice transluminal endoscopic surgery (NOTES) because the 
endoscope limits peripheral vision, diminishing spatial awareness and making spatial 
orientation more difficult [106]. Spatial awareness (SA) is often achieved by pulling 
back the scope, locating anatomical structures and realigning one’s sense of location. 
T 
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In other words, SA requires active involvement and planning, as well as searching for 
additional information cues. In the last chapter, we have investigated the use of 
performance cones based on time and path-length to quantify navigation efficiency 
and treat it as a surrogate measure for indicating SA during NOTES navigation. 
Although useful, the measure only provides an overall measure for a performance 
outcome that can be influenced by many underlying factors. The hypothesis to be 
tested in this chapter is that there are different navigation patterns among surgically 
naïve operators, endoscopists and surgeons, and it has been also tested how the 
supplemental visualisation can change the navigation behaviour in NOTES in those 
groups, reflecting theirs SA enhancement or deterioration.  
By embedding an electromagnetic (EM) tracking device with the endoscope in 
NOTES procedures, the operator might perceive some manipulation and navigation 
cues to positioning the instrument properly. Moreover, the additional visualisation 
could ease the navigation of the endoscope or instrument in the abdominal cavity.  
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5.2 Methods 
 
The aim of this experiment was to investigate a difference in NOTES navigation 
behaviour between novices and experts using traditional metrics, and by adding a 
supplemental camera how this enhances SA. The data of the taken time, path length 
and visualised targets were used as standard markers of performance. Based on 
electromagnetic tracking system (EMTS) data there have been the Navigation Maps 
(NM) (computer generated maps of the endoscope movement trajectory) produced.  
 
 
5.2.1 Subjects 
 
This study was approved by the St. Mary’s Research Ethics Committee (Ref: 
08/H0712/104). Informed consent was obtained from each subject. A total of 18 
subjects (9 novices, 4 laparoscopic surgeons and 5 endoscopists) were recruited from 
Imperial College London’s staff and student population. Novices were defined as 
surgically naïve individuals. Laparoscopic surgeons were defined as surgeons who 
have performed more than 200 laparoscopic procedures and endoscopists were 
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defined as doctors who are in a gastroenterology training programme with a 
minimum of 1 year endoscopy experience.  
All subjects had not any previous experience of NOTES. The data of one novice’s 
performance was excluded from the analysis due to its technical errors. 
 
 
5.2.2 Experimental design 
 
The task was performed on the NOSsE phantom as described in Chapter 4. A Karl 
Storz single channel video colonoscope (Model 13905 PKS, Karl Storz, Tuttlingen, 
Germany) was used by all participants. For additional visualisation a laparoscopic 
camera system (Dyonics Digital video camera system with the digital-3-chip camera, 
Smith & Nephew Inc., Endoscopy Div., USA) was used, attached to the top left 
upper distal part of the NOSsE. (Figure 5.1) 
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Figure 5.1 Additional camera (laparoscope) is attached to the NOSsE. 
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5.2.3 Task paradigm 
 
Subjects were required to successfully navigate a “course” inside the NOSsE 
phantom which consisted of 10 simulated targets [101]. The proposal of this course 
was to simulate a hybrid, dual endoscope NOTES cholecystectomy with 
peritoneoscopic examination, with targets placed in significant positions for this 
procedure under standard one and then two monitor conditions. Each subject was 
shown a 5 minute video prior to the task, which detailed the equipment used and an 
explanation of the task itself. In addition, novices were shown a 5 minute 
presentation on the workings of the endoscope equipment during which they could 
familiarize themselves with one. Participants were then allowed 5 minutes to 
familiarize themselves with the course and the NOSsE. Successful completion of the 
course entailed navigating to 10 targets in order (Figure 5.2).  
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Figure 5.2 Schematic presentation of the task 
 
 
The course started by navigating through the simulated rectum, reaching target one, 
and then going through a hole in the rectum to enter the simulated peritoneal cavity.  
Each target consisted of a circular tag with the target number printed in clock format 
so as to not offer orientation cues to the subjects during the task. Participants were 
informed that to successfully reach a target they had to view the target so that it 
occupied a certain area on the monitor marked out by tape next to the screen (Figure 
5.3).  
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Figure 5.3 Tobii eye-tracker with marking tapes. 
The participant informed the investigator when he/she felt they had reached the 
target. An independent reviewer judged whether the subject had reached each target 
and recorded the time taken to do this. Each subject was allowed up to 1 minute to 
progress between two targets before being asked to move on to the next target. As 
this was not a memory test of the course the subject was encouraged to ask the 
investigator when unsure of the exact position of the next target. The subject would 
be told the position of the target within the box, but not how to navigate there, what 
position they were currently in, or how to use the endoscope. The task was repeated 3 
times by each subject and 1 time with additional laparoscopic camera. The image 
from the laparoscopic camera was acquired by the Dyonics Digital video camera 
system and transferred to the additional second monitor, placed next to the main 
monitor.  
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5.2.4 Supplemental visualisation via additional view-points 
 
The 4th task was performed under two monitor conditions. During this task the main 
monitor has been displaying the endoscopic view (Figure 5.4), and the second 
additional one has been showing the image from the fixed laparoscopic video 
camera. Performance outcome measures were number of targets successfully reached 
during each task, time taken between targets and therefore time taken to complete the 
task.  
 
 
Figure 5.4 Additional monitor – visualisation from the laparoscopic camera attached 
to the phantom. 
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5.3 Statistical analysis 
 
The dexterity data were statistically analysed using the Statistical Package for Social 
Science (SPSS v16, Chicago, USA). Performance data was statistically analysed 
employing non-parametric tests of significance. Comparison of medians of several 
non-parametric groups was done using the Kruskal-Wallis test and ANOVA for 
parametric variables. Differences were considered statistically significant at p<0.05. 
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5.4 Results 
5.4.1 Time and path length as standard performance parameters 
 
The average performance scores of all participants are illustrated in Table 5.1. 
Novices completed the navigation course slower in compare with endoscopists or 
surgeons (p<0.001).  
 
 
 
Table 5.1 Average performance scores. 
 
 
Performance analysis of surgeons and endoscopists are represented in Table 5.2. 
Despite laparoscopic surgeons completed the course quicker than endoscopists, this 
did not reach statistical significance (p=0.172). 
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Table 5.2 Performance analysis of surgeons and endoscopists. 
 
 
Similarly, both surgeons and endoscopists visualised more targets than novices 
(p<0.001) and even though surgeons visualised more targets than endoscopists, again 
this did not reach statistical significance (p=0.217).  
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Table 5.3 Mean time to complete each session per group (sec). 
 
 
As can be seen from Table 5.3 and Figure 5.5, all groups improved their performance 
time from the 1
st
 to the 4
rd
 attempt. Moreover, all participants moderately improved 
their performance path length throughout all four sessions, which remained almost 
the same for surgeons.  
 
Figure 5.5 Performance metrics; A) total path length in A.U.; B) time in seconds 
required to complete across the 4 sessions; C) Time in seconds per subject group. 
Outliers are denoted by black circles and extreme values as a black star. 
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5.4.2 Navigation maps as a qualitative analysis of spatial awareness  
 
It is anticipated that the navigation times and path length between targets in close 
geometric proximity will be relatively short (e.g. targets 5 and 6, or targets 7 and 8). 
For example, navigating from the target 2 (point on the simulated central surface of 
the greater omentum) to target 3 simulating the anatomically port visualisation, 
positioned on the inner abdominal wall in the umbilical region, only requires bending 
the tip of the scope upwards (Figure 5.6). Subjects aware of the position of the 
endoscopic tip managed to negotiate the 3rd target without unnecessary gestures. 
However, navigational behaviour in disoriented subjects or those who were “lost”, 
was characterised by erratic paths and inefficient gestures resulting in slower 
visualisation time, or even localisation failure.  
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Figure 5.6 Navigation maps for subject 2 from target 2 to target 3 for all four 
sessions. The real trajectory of endoscope tip is highlighted by a white continuous 
line. Dashed line indicates the “optimal path” for the navigation.  
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5.5 Discussion 
 
The aim of this study was to evaluate SA in NOTES navigation using standard 
performance metrics, such as time and path length and to understand the role of 
supplemental visualisation in performance improvement. It is widely anticipated that 
time and path length are typical parameters for performance assessment.   
Based on standard performance metrics such as time and path length, it was shown 
that endoscopists are not superior to surgeons at navigating in a simulated NOTES 
environment, although they had a rich experience in intraluminal navigations. When 
this is examined further, it becomes clear that endoscopists worsened their 
performance when using a supplemental visualisation.  In contrast, surgeons 
improved their performance by using the additional view point, which may indicate 
they have an inherent advantage in extra-luminal endoscopic navigation due to 
anatomical knowledge and spatial awareness, which may be more important than the 
presumed superior instrument control possessed by endoscopists.  
Although the surgical group was faster at navigation, endoscopists and novices 
improved their performance at successfully visualising targets during all four 
sessions, which remained almost the same for surgeons. 
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The EMTS was used to track and record endoscopic motions for further detailed 
analysis by creating the NM based on the tracking data, which was expected to be 
one of the available methods of SA exploration in NOTES. Electromagnetic tracking 
permitted us continuously scanning the endoscope tip to rebuild the navigation path. 
Somehow unexpectedly, path length did not complemented dexterity progress 
marked by a reduction in time.  
 
The last session of this experiment involves an additional camera. It is perhaps to be 
expected that providing the operator with supplemental visualisation and precise 
location of the endoscope inside the abdominal cavity during the whole procedure 
may reduce uncertainty in navigational skills.  
 
The use of an additional point of view plays a significant role in NOTES. Auxiliary 
viewpoint in NOTES could ease the navigation of the endoscope in extraluminal 
environments, by augmenting the operator’s spatial awareness and reducing the 
operation time coupled with an increment in accuracy, thus increasing the patient 
safety.  
Currently performing NOTES procedures are mostly hybrid, utilizing additional 
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camera port separate to the main platform, which diminishes the value of the 
advanced transluminal technique. Understanding the role of the supplemental 
visualisation will provide insight into the future NOTES platform and instrument 
design, which should deliver a better appreciation of the overall surgical field of view 
through the main endoscopic front camera and incorporated axillary view spots. 
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Chapter 6 
Quantification of spatial 
awareness and spatial patterns 
 
 
 
6.1 Introduction 
s mentioned in the previous chapters, Natural orifice transluminal 
endoscopic surgery (NOTES) is explored as a minimally invasive surgery 
(MIS) modality holding the promise for less invasive or "incisionless" procedures. 
Before the technique can be considered in routine clinical practice, a number of 
issues must be considered including the improvement of existing surgical 
instruments, intra-operative imaging guidance, surgical ergonomics and visual 
perceptual factors [89]. This surgical modality is affected by a narrow field-of-view, 
lack of depth perception and tactile feedback, as well as restricted mobility and 
A 
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instrument management [86]. In the previous chapters we have investigated 
performance cones based on path-length and overall procedural duration as the basic 
indices for assessing spatial awareness during NOTES navigation. We have also 
assessed the role of additional view-point in facilitating the navigation task. In this 
chapter, we aim to study SA in NOTES surgeons inferred from their navigational 
paths reconstructed from the localisation of the endoscopic tip with regard to the 
abdominal cavity and intra-abdominal organs. It is hypothesised that behavioural 
performance will reflect to a degree the SA of the operator. Traditional metrics alone 
such as time or path length of navigation cannot entirely reveal SA.  However, the 
succession of erratic manoeuvres, interpreted as poor SA, is hypothesised to be 
associated with poorer performance. It is expected that this will provide further 
insight to the training of new surgeons, as well as contribute to our understanding of 
the challenges faced by NOTES operators. Aiding the clinician to enhance his/her SA 
is a necessary step for the development of NOTES. Visual navigational and spatial 
orientation cues incorporated into NOTES technologies may boost behavioural 
performance and shorten the learning curve for skills acquisition.  
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6.2 Methods 
6.2.1 Study participants 
 
Ten subjects (8 males and 2 females) without prior surgical or endoscopic experience 
were recruited from Imperial College London staff and student population to 
participate in the study. Informed consent was obtained according to the ethical 
approval (Ref: 08/H0712/104) prior to experimental task execution. Subjects were 
aged 23-39 (mean 27 years). The difference in spatial navigation between experts 
and novices was not the main goal of the current investigation, rather the aim was to 
evaluate and quantify learning related changes in spatial navigation in subjects’ naïve 
to NOTES procedures. We accept that the inclusion of expert data may provide a 
benchmark of navigation in ‘trained’ subjects. However, it should be acknowledged 
that a) there are few experts in NOTES techniques, with many trained surgeons still 
on their own learning curve and b) it is assumption that a uniform pattern of 
navigation exists in the trained state. 
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6.2.2 Equipment 
 
The task was carried out using the NOSsE phantom as described in the previous 
chapters. This is a natural orifice surgical simulated phantom construct validated for 
endoscopic experience [101, 107], providing a transluminal environment in which to 
carry out NOTES target navigation (Figure 6.1A).  
 
 
Figure 6.1 A) Top view of Natural Orifice Surgical simulated Environment (NOSsE) 
where the gallbladder target spot (numbered 10) can be appreciated; B) Schematic 
presentation of the targets position and artistic representation of the navigation task over 
imposed on a 3D model.  
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6.2.3 Task paradigm  
 
Subjects were required to navigate through sequentially numbered targets along a 
predefined course using a single channel video colonoscope (Karl Storz, Tuttlingen, 
Germany). The course simulates the path followed during a hybrid, dual endoscope 
NOTES cholecystectomy with peritoneoscopic examination, with targets labelled 
using carton board, placed in significant positions along the path for this procedure 
(Figure 6.1B). Prior to the task execution, each subject was shown a five minutes 
presentation on the workings of the endoscope equipment and proposed task.  
Participants were then allowed five minutes to familiarise themselves with the 
endoscope and simulator. Each subject carried out the task four times (sessions); the 
first three sessions - under a standard single monitor setup, displaying the video 
stream from the endoscopic camera, and the final session under a dual camera 
conditions, where a second camera was mounted on a laparoscopic port attached to 
the top left side of the phantom. Successful completion of the course entailed 
navigating the ten targets in order.  
Participants were informed that to successfully reach a target they had to view the 
target so that it occupied 50% of the screen size marked by tape strips on the screen 
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edge and indicating a distance of 2-3 cm from the target. The participant verbally 
informed the investigator every time he/she felt they had reached the target. An 
independent reviewer judged whether the subject had successfully visualised each 
target and recorded the time taken.  
Up to one minute was allowed to progress between any two targets before the subject 
was asked to move to the next target. Subjects were not required to memorise the 
course, but instead were encouraged to ask the investigator when unsure of the exact 
position of the next target. The subject was told the geometric location of the target 
within the box, but not the manoeuvres required navigating to it.  
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6.2.4 Data acquisition 
 
A single coil from an EM tracking system (Aurora, NDI, Canada) as used in the 
previous chapters was attached to the colonoscope for tracking the position of the tip 
of the tool. Tracking was performed at maximal modulation rate of 115 kBauds. The 
EM sensor consists of small coil connected to the sensor interface unit. Each sensor 
is 0.8mm in diameter and 180 mm in length. The typical positional accuracy of the 
sensor ranges 0.9–1.3 mm longitudinally and 0.3–0.68 mm angularly. The system’s 
working volume is 500 x 500 x 500 mm. This volume is sufficient to cover the area 
of interest during abdominal interventions. For the experiment, the magnetic field 
generator was located under the NOSsE
 
phantom. All materials of NOSsE phantom 
are ferromagnetic neutral and do not distort the electromagnetic field of the EM 
tracking system. Performance outcome measures were the number of targets 
successfully reached during each task, time taken between targets, time taken to fulfil 
the task and the total path length travelled by the endoscopic tip during the 
navigation. 
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6.2.5 Data Processing and Analysis 
 
The same in-house developed software tool - Magnetic Tracking Imperial College 
Explorations Software (MATRICES) - was used for the visualisation of data 
collected from the magnetic tracker. This software tool permits 3D visualisation of 
the markers positions either on its original frame space or registered against a 
reference scene. It also incorporates a timeline tool where experimental stimulus or 
conditions and events can be recorded.  
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6.3 Spatial awareness analysis 
 
A novel algorithm is proposed for exploration of ‘navigational paths’ as a proxy of 
SA. The endoscope tip positional data along the frontal plane was low pass filtered 
applying a Gaussian filter. The smoothed spatial distribution of the endoscopic tip 
path then conforms a 2D histogram. For convenience, we refer to the 2D histograms 
as “Navigation maps” (NM) (Figure 6.2).  
 
Figure 6.2 Exemplary navigation trajectory through the course and super imposed 
temporal dwelling over a projected frontal plane rotated for aiding visualisation and 
its corresponding Navigation Map, by applying the Gaussian filter registered to the 
scene. 
These spatial navigation maps allow qualitative assessment of the endoscopic 
navigation skills. Histogram similarity is computed using the Earth Mover’s Distance 
(EMD), a metric designed to match human perception (as described in 4.4.2).   
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6.3.1 Embedding and Multi-Dimensional Scaling 
 
To discover the similarities in acquired data Multi-dimensional scaling (MDS) has 
been performed. MDS is a group of statistical methods frequently used visualise 
information. Normally, MDS is used to provide a visual representation of a complex 
set of relationships that can be scanned at a glance. Since maps on paper are 
two-dimensional objects, this translates technically to finding an optimal 
configuration of points in 2-dimensional space. However, the best possible 
configuration in two dimensions may be a very poor, highly distorted, representation 
of the data. If so, this will be reflected in a high stress value. When this happens, 
there are two choices: either to abandon MDS as a method of representing the data, 
or to increase the number of dimensions.  There are two difficulties with increasing 
the number of dimensions. The first is that even 3 dimensions are difficult to display 
on paper and are significantly more difficult to comprehend. Four or more 
dimensions render MDS virtually useless as a method of making complex data more 
accessible to the human mind.  
The second problem is that with increasing dimensions, it should be estimated an 
increasing number of parameters to obtain a decreasing improvement in stress. The 
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result is model of the data that is nearly as complex as the data itself. On the other 
hand, there are some applications of MDS for which high dimensionality are not a 
problem.  
For instance, MDS can be viewed as a mathematical operation that converts an 
item-by-item matrix into an item-by-variable matrix. For example, having a 
person-by-person matrix of similarities in attitudes, it is difficult to explain the 
pattern of those similarities in terms of simple personal characteristics such as age, 
sex, income and education, due to non-conformable two sets of data. The 
person-by-person matrix in particular is not the set of data which can be used in a 
regression to predict age (or vice-versa).  
 
Pairwise similarities as established by EMD are fed to classical Multi-Dimensional 
Scaling (MDS) which then represents the data geometrically in a 2D chart so that 
inter-point distances embody experimental similarities as illustrated in Figure 6.3. 
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Figure 6.3 Multidimensional scaling embeddings representing the navigation during 
NOTES experiment. The examples illustrated correspond to navigation throughout 4 
sessions. Circle colour identifies the session; 1st – Red, 2nd – Blue; 3rd – Green and 4th – 
Black. Number within circles identifies the subject. 
 
Finally, changes in the navigational behaviour exhibited along the sessions are 
quantified by means of the Euclidean distance between consecutive session points in 
the chart (Figure 6.5). 
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6.4 Statistical analysis 
Dexterity data such as time and path length was statistically analysed using the SPSS 
(SPSS v16, Chicago, USA) by employing non-parametric tests of significance after 
checking the normality.  
The Friedman Test was conducted to determine whether statistically significant 
fluctuations in time and path length data had occurred in target navigation across the 
four sessions for all subjects. A value of p ≤ 0.05 was assumed to be statistically 
significant. 
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6.5 Results 
6.5.1 Performance analysis 
 
The average navigation path length shortened from 1788.80 A.U. to 507.68 A.U. 
when targets were correctly visualised (p<0.05). Mean time required to complete the 
course reduced from 365 sec to 275 sec along the sessions (p<0.05).  Subjects 
visualised more targets correctly during the 4th session (median 5.5 vs 5.0), however 
this variation did not reached statistical significance (p=0.084). Data from subject 1 
was discarded due to technical errors. 
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6.5.2 Spatial awareness study 
 
Hotspots in NM originate at either revisited locations or more often points where the 
operator struggled to achieve smooth navigation. An example of the output charts of 
MDS for the manoeuvres across targets is illustrated in Figure 6.4. It can be observed 
that the abscissa (X axis) captures the ‘smoothness’ of the motion trajectory. In 
particular, the more chaotic the motion path, the likely the data projects to the left of 
the embedding. In contrast, smoother movements of the endoscopic tip project to the 
centre of the embedding. The second component (Y axis) captures the anatomical 
region in which the majority of the motion was conducted. Points located below the 
horizontal 0 point represent cases whose navigation path position was in the top right 
area of the phantom, whereas points above zero correspond to cases where the 
subject’s paths concentrated in the bottom right space of the phantom. Navigation in 
the central area of the phantom projects towards the 0 ordinate. The example shown 
in Figure 6.4 corresponds to navigation from target 2 to 3. Axis X captures the 
smoothness of the trajectory and axis Y reflects the overall position of the motion 
trajectory in the phantom. Circle colour identifies the session; 1st – Red, 2nd – Blue; 
3rd – Green and 4th – Black. Number within circles identifies the subject. 
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Figure 6.4 Multidimensional scaling embeddings representing the SA patterns 
during NOTES navigation. 
 
Qualitative exploration of these embeddings highlights that certain subjects share 
similar characteristics in terms of their ability to learn a complex spatial navigation 
task. As presented in Figure 6.5, the cones representing subjects 2 and 10 (consistent 
navigators) are almost constant throughout the sessions. There are irregular 
differences of the cones representing subjects 5, 6 and 8 (inconsistent navigators) and 
of the cones representing subjects 4 and 9 (inconsistent navigators with improved 
performance). The cones demonstrating the subjects with navigation and 
performance improvements are 3 and 7. 
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Figure 6.5 Examples of quantitative analysis of the performance metrics based on 
the travelled distance within the embeddings through the sessions for targets 3, 4, 5 
and 6. 
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6.5.3 Spatial patterns in NOTES navigation 
 
Together with the time taken, successful task completion and navigation trajectories, 
four broad patterns of navigation and learning capability may be deduced as follows:  
1. ‘Consistent navigation and performance’ – subjects who appear to navigate 
consistently and smoothly between targets (without significant changes in 
navigation behaviour across sessions (e.g. subjects 2 and 10); 
2. ‘Inconsistent navigation and performance’ - subjects in whom no clear or 
co-ordinated pattern of endoscopic navigation was observed (e.g. subjects 5, 6 
or 8) often characterised by sierra-like histograms associated with unsmooth 
manoeuvres; 
3. ‘Improvements in navigation and performance’, - subjects who demonstrate 
improvements in objective performance markers of dexterity, target 
localisation and navigational behaviour across sessions, manifests as 
within-session consistency (e.g. subjects 3 and 7); 
4. ‘Inconsistent navigation, but improvements in performance’, - subjects who 
throughout the sessions improved their performance in terms of time and path 
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length, but were inconsistent in their navigation, making unnecessary gestures 
and moving the endoscope all over the operating site (e.g. subjects 4 and 9). 
 
Quantification of the variation in the navigational behaviour through the sessions is 
possible by comparing the distance travelled on the embeddings (Figure 6.5). In this 
sense, the shorter the travelled distance the more consistent the navigational 
behaviour from one session to the next. Overall summation of the progression across 
the four sessions is representative of the general spatial behaviour of the subject.  
Figure 6.6 shows the navigation metrics of the subjects 2 and subject 10 who are 
considered as consistent navigators. 
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Subject 2 
T2-T3 
Session 1 Session 2 Session 3 Session 4 
(additional 
camera) 
Time (s) 50.22  21.27  10.03  14.91  
Target     
Path length 
(AU) 
1437.2  628.15  294.17  371.28  
Navigation 
maps 
    
 
 
Subject 10 
T6-T7 
Session 1 Session 2 Session 3 Session 4 
(additional 
camera) 
Time (s) 15.43  13.84  8.17  17.34  
Target     
Path length 
(AU) 
416.17  500.86  219.59  500.42  
Navigation 
maps 
    
 
Figure 6.6 Navigation metrics for consistent navigators: subjects 2 (navigation from 
the target 2 to 3) and 10 (navigation from the target 6 to 7). 
 
It is particularly interesting to see how subject 2 after failing to complete the task 
during the first and forth sessions, which is also similar for the subject 10. There is 
also analogous situation with the path length metrics.   
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Subjects 5, 6 and 8 have been defined as inconsistent navigators, based on their 
metrics. For instance, for subject 5 (Figure 6.7) the last step between sessions 3 and 4 
is virtually on every case smaller than the previous 2 steps. He seems to be also 
improving his performance, in addition to stabilising his navigation. Although this 
subject could be considered as a late learner, based on his navigation performance 
improvement in 4th session with the additional camera, his "sierra-like" histograms 
clearly indicate that he is not achieving smooth manoeuvres. 
 
Subject 5 
T3-T4 
Session 1 Session 2 Session 3 Session 4 
(additional 
camera) 
Time (s) 50.62  60.27  57.82  31.40  
Target     
Path length 
(AU) 
1867.1  3417.5  2471.1  1260.7  
Navigation 
maps 
    
 
Figure 6.7 Navigation metrics for inconsistent navigators: subject 5 (navigation from 
the target 3 to 4). 
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Subject 8 does not seem to be helped much by the additional camera. Subject 8 does 
not clearly have a step shorter than others as it happens with subject 5 for instance. In 
this sense, subject 8 is the archetypal fellow for this group with no clear strategy at 
any point, only relying on luck or intuition for navigating, or perhaps totally 
disengaged from the task. The summit of its lack of strategy is between T8 and T9 
where in each case he takes a different journey, and still fail to find the target 3 times. 
Subjects 4 and 9 were consistent within each session and task (Figures 6.8 and 6.9).  
According to their navigation metrics we defined them as potential learners.  
 
Subject 4 
T3-T4 
Session 1 Session 2 Session 3 Session 4 
(additional 
camera) 
Time (s) 60.05  27.65  24.18  19.96  
Target     
Path length 
(AU) 
2839.9   1423.8  1262.1  845.9  
Navigation 
maps 
    
 
Figure 6.8 Navigation metrics for potential learners: subject 4 (navigation from the 
target 3 to 4). 
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Subject 9 
T5-T6 
Session 1 Session 2 Session 3 Session 4 
(additional 
camera) 
Time (s) 30.68  31.68  23.66  23.31  
Target     
Path length 
(AU) 
1006   1020.5  911.47 1198.6  
Navigation 
maps 
    
 
Figure 6.9 Navigation metrics for potential learners: subject 9 (navigation from the 
target 5 to 6). 
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Table 6.1 Summary of navigation metrics for 4 groups. 
 Session 
1 
Session 
2 
Session 3 Session 
4 
Consistent 
navigation 
Subject 
2 
Time (sec) 50.22  21.27  10.03  14.91  
Target     
Path length 
(AU) 
1437.2  628.15 
 
294.17  371.28 
 
Subject 
10 
Time (sec) 15.43  13.84  8.17  17.34  
Target     
Path length 
(AU) 
416.17  500.86 
 
219.59  500.42 
 
Inconsistent 
navigation 
Subject 
5 
Time (sec) 50.62  60.27  57.82   31.40   
Target         
Path length 
(AU) 
1867.1  3417.5 
  
2471.1   1260.7 
  
Improvements 
in navigation 
and 
performance 
Subject 
7 
Time (sec) 61.21 63.36   2.85   60.43   
Target         
Path length 
(AU) 
2458.5 1946.3 
 
33.08  1706.4 
 
Inconsistent 
navigation, 
but 
improvements 
in 
performance 
Subject 
4 
Time (sec) 60.05  27.65  24.18  19.96  
Target     
Path length 
(AU) 
2839.9   1423.8 
 
1262.1  845.9  
Subject 
9 
Time (sec) 30.68  31.68  23.66  23.31  
Target     
Path length 
(AU) 
1006  1020.5 
 
911.47 1198.6 
 
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Large session-to-session variation in the Euclidian distance suggests inconsistent 
navigation behaviour (e.g. subjects 5, 6 or 8), whereas consistent navigation 
behaviour is more likely to be manifest smaller fluctuations in the Euclidian distance 
(e.g. 2 and 10). Our quantitative data support the proposed classification of 
navigation behaviour with regards to the spatial awareness.  
 
Table 6.2 Evolution of spatial navigational behaviour as represented by the 
Euclidean distance travelled by the subject within the embeddings. 
 
Mean (Std. 
deviation) 
Session 1 to 
Session 2 
 
Session 2 to 
Session 3 
Session 3 to 
Session 4 
Subject 2 17.07 (18.93) 17.97 (15.88) 18.67 (16.28) 
Subject 3 22.93 (15.62) 19.58 (10.80) 16.87 (14.64) 
Subject 4 31.48 (34.76) 26.99 (34.24) 15.48 (13.98) 
Subject 5 39.05 (23.41) 31.82 (23.78) 17.59 (12.50) 
Subject 6 35.32 (33.19) 58.07 (39.48) 51.69 (37.40) 
Subject 7 32.90 (30.05) 29.35 (25.42) 22.55 (26.07) 
Subject 8 21.59 (13.32) 30.76 (24.23) 19.51 (12.09) 
Subject 9 21.19 (13.92) 34.25 (22.22) 34.62 (24.30) 
Subject 10 15.46 (13.44) 7.87 (6.68) 14.03 (12.22) 
 
From Table 6.2 it is clear that subjects 2 and 10 always keep low scores of travelled 
distance within the embeddings, and they are considered as consistent navigators and 
performers (Group 1). Based on the high score fluctuations of the subjects 5, 6 and 8 
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throughout the session, they formed the Group 2 - Inconsistent navigators and 
performers.  Subjects 3 and 7 are representing the Group 3 (Improvements in 
navigation and performance), analysing the reduction of the travelled distance 
throughout the sessions. Subjects 4 and 9 are labelled as a Group 4 (Inconsistent 
navigation, but improvements in performance) based on the large STD, despite the 
reduction in mean values. 
  
 171 
 
6.6 Discussion 
In this chapter, we have used a number of advanced investigation methods for 
analysing the movement patterns of the instrument during NOTES. SA is deemed a 
necessary skill for safe deployment of NOTES procedures. Quantification of the 
surgeon’s spatial capabilities during navigation is therefore of great importance for 
the realization of NOTES. Electromagnetic tracking has permitted the navigation 
paths of the endoscope tip to be reconstructed. Starting from the premise that SA can 
be inferred from the exhibited navigation path, we have explored the association 
between SA and traditional performance metrics. As hypothesised, poor SA as 
characterised by concatenated erratic manoeuvres often leads to poor performance. 
Unexpectedly, path length did not accompany dexterity progression marked by a 
reduction in time.  
The fact that the path length does not improve statistically across sessions suggests 
that SA demands not only higher dexterity from the operator but also a real 
understanding of the semantics of the viewed scene. This finding emphasizes the 
need to further unravel the foundations of operator’s SA in transluminal endoscopy, 
as well as the need to look beyond the traditional metrics of performance to fully 
characterise SA. In this sense SA is a comparatively difficult construct to measure, 
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but using EM trackers or perhaps other available trackers (e.g. wireless trackers) 
enables the navigational behaviour to be evaluated, which  traditional metrics 
cannot capture. In addition to the conventional time and path length metrics, 
navigational performance reveals managing aspects of the SA of the operator.   
Incorporating additional more sensitive performance metrics (e.g. motion of the 
scope, trajectory of the movements) can lead to better understanding of SA and 
perhaps to novel objective tools to assess navigation skills in surgery.  
One factor likely to improve SA during MIS procedures is in the provision of 
additional spatial cues to augment the surgeon’s SA within the peritoneal cavity. 
There is some empirical evidence that orientation aids are useful. For example, 
Fowler et al. demonstrated improved spatial orientation and navigation using an 
EM-based orientation aid during in-vivo NOTES procedure in a pig model [108]. 
Similarly, Lerotic et al. described a software adjunct to enhance the operators visual 
field during NOTES; so called dynamic view expansion, a system that it likely to 
improve SA during NOTES [109]. Harmonising patient safety, surgical action and 
navigation is the operator’s responsibility [110]. Enhancing scene visualisation, for 
instance by means of additional viewpoints, seems a feasible strategy for augmenting 
SA in NOTES. In this study, the additional camera was attached only to the top left 
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upper distal part of the phantom. Further investigation is required to determine 
whether the position and angle of the additional camera may impact on the SA of the 
operator.  
There were some limitations such as learning curve and the simplicity of the 
experimental task, which should be taken in account in further investigations. In this 
study, an additional camera was attached only to the top left upper distal part of the 
phantom. It is important to consider the angle the additional camera. Future studies 
should investigate the different position of the supplemental viewpoint with respect 
to the navigation path, and whether the incorporation of an additional viewpoint 
affects SA of the operator. 
The sample size was small and statistical significance may have been reached with a 
larger number of subjects. The other drawback of this experiment was that subjects 
were not randomized, which may introduce a selection bias. The 4th session with 
additional camera was performed after previous similar sessions, which can be 
considered as learning process. All these limitations have been taken into account for 
the further experimental studies. 
In this study, we have confined ourselves to a 2D projection over the frontal plane. 
The 3D reconstruction of the deforming scene may provide the surgeon with greater 
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depth information, but the restricted field of view makes navigation more complex. 
The patterns of SA observed in the current paper should be confirmed in more 
realistic 3D analysis and bounded by 3D structures including collision analysis. 
In summary, different patterns of navigation have been exposed assumed to be 
representative of SA during NOTES navigation, and further qualitatively and 
quantitatively describe the relationship between navigation capability and traditional 
performance metrics. This study has revealed distinctive navigational behaviours that 
would have otherwise gone undetected using current methods for objective 
assessment and underscores the importance of incorporating markers of SA in 
assessment performance during NOTES.   
In this chapter, the results highlight that traditional metrics of behavioural 
performance (e.g. time, path length, etc.) do not accurately reflect the idiosyncratic 
spatial behaviours of individual learners. However, EM motion path analysis 
facilitates an understanding of the spatial capabilities of the user, on the basis that 
smooth coordinated navigation is likely to reflect a surgeon with enhanced visual 
spatial capabilities. Quantification of SA during NOTES procedures may provide the 
basis of ergonomic assessments designed to evaluate new technologies such as 
navigational aids, designed to improve the operator’s SA. 
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Chapter 7 
Augmented visualisation for 
improved NOTES navigation 
 
 
 
7.1 Introduction 
hroughout the previous chapters, the importance of spatial awareness (SA) 
enhancement in NOTES was presented above. It was highlighted by the 
NOSCAR as one of the main obstacles to the extensive use of NOTES procedures. 
Narrow field of view and insufficient depth perception form the issues with limited 
SA. In order to enhance it an additional application is needed which by emerging the 
visualisation and perception will provide more information of the operating 
environment. Additionally, electromagnetic tracking systems are able to provide 
T 
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precise tracking accuracy. 
New endoscopes specifically designed for NOTES are under development and 
rapidly entering into the market. Flexible endoscopes with the ability to be made 
rigid on demand have been adapted with triangulating instruments to allow for 
retraction and dissection at the operative site. Lacking luminal constraints has the 
potential to cause a loss of bearings and indeed disorientation to the endoscope 
operator. Awareness of the endoscope position and orientation within the cavity is 
essential both for surgical navigation and patient safety in NOTES. In the current 
practice, the endoscope is often retroflexed to determine its position by means of the 
forward facing camera. This is to ensure that it is not in the vicinity of a visceral 
organ a potential cause of significant injury and also to determine appropriate 
positioning of the endoscope for navigation purposes. In other words, two main 
adjunct tools such as additional visualisation and electromagnetic tracking will 
enhance SA and accordingly will improve performance of NOTES procedures. 
Fowler et al [108] have proposed a novel method for spatial orientation in NOTES 
by devising a special system which embeds the electromagnetic tracker with its 
Shape Tool customised catheter. This spatial orientation devise allows 3D imaging of 
the shape and orientation of the endoscope. The results of their randomised 
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controlled trial showed significant improvement of performance in an animal 
NOTES navigation task when using this system compared to control. This again 
emphasises the need of additional tools for NOTES procedures in terms of SA. 
Cao et al [44] in their study for robotic surgery demonstrated performance 
improvement using a supplemental monitor provided additional information to the 
operator.  
As highlighted in previous chapters, supplemental visualisation and additional 
information of the camera/instruments position and location could lead to SA 
enhancement. In chapter 4 and 5 the role of supplemental visualisation was explored 
and discussed. As mentioned before, EMTS allow us to provide the real-time 
tracking information. In order to explore the role of delivering additional information 
about the camera/instruments position and location in NOTES spatial behaviour, our 
group designed the SA tracking box. 
The hypothesis to be tested in this chapter is that navigation performance in a 
simulated transrectal NOTES procedure can be improved with the use of SA 
enhancement software – SA tracking box, which embeds the video from an 
endoscope with real-time tracking representation of the scope, providing enhanced 
informational cues to operator.  
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7.2 Methods 
7.2.1 Study participants 
 
A total of 18 surgeons were recruited to participate in this randomised study. Subjects 
were specialist registrars and they were shown an illustration of the experimental 
task, thereafter they were required to perform a navigation task inside the 
Endoscopic-Laparoscopic Interdisciplinary Training Entity (ELITE) simulator. 
Informed consent was obtained from each participant.  
For this experiment instead of the NOSsE phantom we used the ELITE model as a 
completely evaluated and validated NOTES phantom [111]. 
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7.2.1 Endoscopic-Laparoscopic Interdisciplinary Training Entity (ELITE) 
simulator 
 
The model is one of the first trainers for NOTES procedures with ensured face 
reliability and validity assurance. In one previous study, subjects (n=30, 8 internists 
and 22 surgeons) performed a NOTES peritoneoscopy. Results showed that all 
participants had a significant learning curve, experts could be reliably distinguished 
from novices and the participants evaluated the model as suitable for NOTES 
training in a post-interventional filled in questionnaire [112].  
Another study was designed to assess whether the effect of surgical simulation with 
ex vivo training units is relevant and who (endoscopists and surgeons) might, in 
particular, have a benefit of the new training facility. During the training courses, all 
participants passed a significant learning curve. For the cholecystectomy in the pig 
model, participants with prior training needed less time and fewer complications for 
the procedure than participants without training. Subjective evaluation considered the 
ELITE as a suitable and recommendable simulator for NOTES [113] (Figure 7.1).  
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Figure 7.1 Endoscopic-Laparoscopic Interdisciplinary Training Entity (ELITE) 
simulator. 
 
Although the replicated internal organs in ELITE are sufficient for training purposes, 
not always they simulate properly the operating environment, which affects the 
operator’s ability to perform near to real-life simulated surgical procedures.  
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7.2.2 Experimental design 
The task was performed in the ELITE (CLA, Coburg, Germany) simulator [111], 
which served as the test platform. It offers the 1:1 reproduction of a female adult 
torso designed for the training of endoscopic-laparoscopic and NOTES procedures. 
Therefore it offers various transluminal accesses to the abdominal cavity. A complete 
organ package including liver, gallbladder, spleen, a complete gastrointestinal tract, 
with mesentery and omentum was available. The gastrointestinal tract and the 
abdominal cavity are gastight, to simulate endoscopic procedures.  
A Karl Storz single channel video gastroscope (Tuttlingen, Germany) was used by all 
participants.  As a monitor/computer we used the specific computer system with 
architecture based on the NVIDIA Quadro Digital Video Pipeline (DVP) which 
offers substantial performance in terms of high-resolution video capture, image 
processing, scene rendering and low-latency data throughput. The platform also 
supports data capture and visualisation for the Northern Digital 6-DOF Aurora 
electromagnetic tracking system, and provides a synchronised video/data recording 
and playback mechanism. A single sensor coil from the electromagnetic tracking 
system was attached to the endoscope to track the position of the tool’s tip with its 
magnetic field generator of the EMTS located next to the phantom.  
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Another 2 sensors were attached accordingly to simulated appendix and simulated 
gallbladder, providing 2 independent reference points.  
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7.2.3 Task paradigm 
 
The task was performed in the ELITE phantom. The task consisted of 3 four 
sequential steps:  
1) Exit from the starting point (transrectal access);  
2) Navigation to and identification of the appendix (one version), or Navigation to 
and identification of the gallbladder (second version); 
3) Exit peritoneal cavity  
Performance was assessed by time taken to complete each step of the task.  
Each subject performed the task once with or without SA tracking box software 
activated at which point they were randomized to SA tracking application or control. 
Randomization was performed using a computer generated randomization sequence 
and participants were randomized by allocation of a concealed envelope in a 50:50 
allocation ratio. Figure 7.2 presents the schematic of the experimental task. 
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Figure 7.2 Schematic presentation of the experimental task. 
 
The task was carried out 2 times (1-2 sessions): without or with SA tracking box. 
Time of each run was limited to 10 minutes. The participant informed the 
investigator when he/she felt they had reached the target. An independent reviewer 
judged whether the subject had reached each target and recorded the time taken to 
do. 
The experimental system is depicted in Figure 7.3. Performance outcome measures 
were number of successfully reached targets during each run and time taken to 
complete the run. Statistical significance was establish at α=5%.  
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Figure 7.3 Experimental system including the Host PC with installed SA tracking 
box application, EM tracking system, an endoscope and the ELITE simulator. 
 
Each subject performed the task once without SA tracking box and a second time – 
with, at which point they were randomized to SA tracking group or control.  The 
order to use the tracking box was determined through a computer-generated 
randomization table. The FG was placed by the phantom, covering with magnetic 
field all simulated peritoneal cavity (Figure 7.4). 
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Figure 7.4 Coordinates axes of the FG with regards to the ELITE. 
 
Navigation path was recorded in all cases, generating the NM. Subjects were 
required to visualise the targets (Figure 7.5). 
 
 
Figure 7.5 Gall bladder visualisation as one of the task aims. 
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7.2.4 End-points 
The end-points were the changes in NOTES navigation performance with or without 
use of SA tracking box (time taken and path length). The secondary end-points were 
to analyse and quantify the spatial behaviour patterns. 
 
 
7.2.5 Spatial awareness enhancement application – SA tracking box 
The video from the gastroscope was captured and transferred to the endoscope’s 
video capture device and then transferred to the computer system via composite to 
SDI convertor (Kramer FC7501 Analogue to SDI). The electromagnetic tracking 
system was connected to the host computer system via serial RS232 port, providing 
real-time tracking positions of the EM sensors (Figure 7.6). 
 
 
Figure 7.6 Schematic presentation of the experimental setup.  
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There were two different modes of displayed video: 1st mode was only with the 
conventional signal from the endoscope camera, and the 2nd mode contained 
additionally the SA tracking box feed, representing the real-time position of the 
scope within the operating field. Subjects were randomised by turning on or off the 
SA tracking box feed - 2nd mode. The snapshot of the SA tracking box is represented 
in Figure 7.7 and 7.8. 
 
 
Figure 7.7 Snapshot of the split-screen mode of the SA tracking box. On the left is 
the video image form the endoscope, on the right is the image from the EMTS. 
 
On the left part of the Figure 7.6 the video feed (video from an endoscope) is 
depicted, and on the right part there is an animation of the tracker position and trail 
(the red/green/blue axes at the current tracker position corresponds to the x/y/z axes 
of the sensor – delivering information about orientation). The green box represents 
the EM field generator and the cube where the sensor operates. 
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Figure 7.8 shows a snapshot containing the endoscopic video on the left and the SA 
tracking box application on the right. 
 
 
Figure 7.8 SA tracking box application in NOTES navigation task. 
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7.3 Statistical analysis 
Comparisons between individual variables were performed using the Mann Whitney 
U test and correlations of continuous variables were determined by nonparametric 
linear regression. Statistical analyses were performed using SPSS v18.0 (Chicago, 
USA). Differences were considered statistically significant at p<0.05. 
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7.4 Results 
7.4.1 Overall performance 
 
When SA tracking box was turned on there was a median improvement of 28.4% in 
time taken and 68% in path length of the navigation, however with turned off 
application there was a statistically significant drop of 4.9% (p=0.038) in time taken 
and an increase in path length of 75% (p=0.689).  
 
Figure 7.9 Navigation performance: EM APP and EM GB are navigation tasks to the 
simulated appendix and GB using the SA tracking box; N APP and N GB are 
navigation tasks without the SA tracking box. 
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As can be seen from Figure 7.9, the greatest difference in time between subjects 
during the navigation without SA tracking box was locating and visualising the 
simulated appendix. This was the most difficult step and required smooth navigation 
of the endoscope to achieve optimal visualisation of the target. With turned on 
tracking application subjects spend little time to visualise the simulated appendix 
(EM APP) and even less visualising the GB (EM GB).  
 193 
 
7.4.2 Navigation using SA tracking box 
 
Based on the data acquired from EMTS, the Navigation maps (NM) were generated 
and analysed qualitatively to assess the performance of each subject. For instance, 
when subject were using the SA tracking box the movements of the endoscope were 
less chaotic, in compare to the session without the tracking box. Although, some 
subjects utilised more time to get accustomed to the tracking box, the most 
participants managed to complete the task in time. 
 
In Figures 7.10 and 7.11 are depicted the NM for navigation of two study participant 
to the Appendix and then to the simulated Gall bladder, and it is noticeable that with 
the tracking box subject achieved the task making less erratic unnecessary 
movements of the endoscope due to assumed enhanced knowledge of the endoscopic 
tip. 
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Figure 7.10 Navigation maps for Appendix navigation of subject 7: On the left 
image presented the smoother motion trajectory (session with the tracking box); right 
image presents the erratic motion trajectory (motion without the tracking box). 
 
  
 
Figure 7.11 Navigation maps for GB navigation of subject 3: It is clear that Subject 
performed more accurately during the session with the tracking box (right image) in 
compare with the simple navigation without aid (left image). 
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7.4.3 Spatial awareness study 
Hotspots in NMs represent revisited locations and more often points at which the 
operator struggled to achieve smooth navigation.  
Pairwise similarities were evaluated with the classical Multi-Dimensional Scaling 
(MDS), which then represented the data geometrically in a 2D chart (Figure 7.12) so 
that interpoint distances embody experimental similarities. As mentioned before, 
MDS is a data projection technique which from a table of pairwise distances affords 
an optimum spatial distribution of the points so that distances are best preserved. 
 
Figure 7.12 Multidimensional scaling embedding representing the navigation during 
SA tracking box experiment. Circle colour identifies the session; 1st – Red, 2nd – 
Blue; 3rd – Green and 4th – Black. Number within circles identifies the subject. 
 
The examples illustrated in figure 7.12 correspond to navigation throughout 4 
sessions: navigation to GB and APP with or without SA tracking box.  
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7.5 Discussion 
This study investigated if an additional real-time information cue, such as tracking 
position of the scope, acquired from an EMTS and displayed with conventional 
endoscopic video may enhance the operator’s SA in NOTES, thus resulting in 
improved navigational skills. 
The results of this randomised controlled study indicate that overall performance in 
this simulated transrectal NOTES peritoneoscopy actually improves with the use of 
SA tracking box. Although subjects reported significant time consumption using this 
application, they improved their navigation by more consistent movements. The SA 
tracking box allows also zooming in/out during the task, and all subjects were 
informed about this feature, but no subject used it for better interpretation of the 
sensors’ tracking positions. 
As mentioned before, surgeons operating in MIS using the horizon as an 
informational cue in compare to endoscopists. Using the SA tracking box could aid 
the operator (surgeon/endoscopist) to obtain the spatial information of the instrument 
positions and the whole operating field without relying on horizon, which is also 
required for designing NOTES platform and systems.  
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Real-time EM tracking in NOTES could ease the navigation of the endoscope in 
extraluminal environments, by augmenting the operator’s SA and reducing the 
operation time coupled with an increment in accuracy, thus increasing the patient 
safety.  
There is a potential advantage of SA tracking box use for NOTES procedures. The 
simplicity of the application and required devices enable easy incorporation of it with 
any existing and/or proposed surgical systems or platforms for NOTES. This analysis 
has revealed benefits of the new application that will aid to improve the operator’s 
navigational skills in NOTES.  
Further work should focus on adding an additional visualisation video on to the 
application, which could benefit of more enhancement of SA.  
This analysis has revealed the SA tracking box benefits in SA enhancement. Gaining 
an understanding of those benefits procedures may lead to ergonomic improvements 
in surgical technology and development of a new generation of NOTES tools that 
incorporate navigational aids. Ultimately, this may manifest in reducing the 
operator’s learning curve and improving patient safety during NOTES procedures. 
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Chapter 8 
Conclusions and future work 
 
 
 
8.1 Achievements of this thesis 
aparoscopic surgery has evolved from a diagnostic tool to a minimally 
invasive surgical tool. It has been shown to give less pain, fewer incisional 
hernias, better cosmetics and in general a quicker return to daily life during the 
postoperative course compared to open surgery. These improved parameters have 
traditionally been the main arguments for the development and incorporation of new 
minimal invasive procedures in clinical practice. Transluminal endoscopic surgery is 
a recent venture in minimal invasive surgery. The new technique provides access to 
the abdominal cavity through a natural orifice. This method holds the promise for 
"incisionless", less invasive procedures without the risk of postoperative 
L 
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complications. The hope of combining the skills and experience of endoscopist and 
surgeon into a defined specialty has attracted worldwide attention. Navigation and 
orientation of the endoscope play a crucial role in ensuring a safe performance of 
NOTES procedures. Narrow field of view, insufficient depth perception, imperfect 
tactile feedback as well as restricted mobility and instrument management are 
accepted limitations in NOTES and lead to limited SA. It is anticipated that 
providing additional information to operator in NOTES allows more efficient 
performance. 
In this thesis, we have introduced the need for innovative methods and applications 
to enhance SA in NOTES as a further step of development in MIS. The importance 
of the problem of SA in MIS was highlighted in a review of the literature and current 
understanding of the concept was defined in Chapter 2.  
Chapter 3 provides a literature review on existing navigation platform and surgical 
systems for NOTES and was provided to justify the need of a novel application to 
augment SA in NOTES. With regards to this, we focused on the potential role of EM 
tracking systems and additional visualisation in Chapter 4. Based on EM tracking 
data the NOTES Navigation Maps and Performance scatter spots (Performance cone) 
were generated, allowing us to understand the navigation behaviour patterns in 
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NOTES. Electromagnetic tracking is one of the suitable choices of tracking system 
for NOTES, as it provides to trace the endoscope motion even in limited for the 
direct view environment. In this thesis we presented the EM tracking system attached 
to the tip of the endoscope allowing us to investigate movement patterns and link it 
to SA of the operators in NOTES navigation tasks. 
In Chapter 5 of the thesis, we have presented the investigation of the navigation 
performance in simulated NOTES. This study was designed to enhance the spatial 
awareness of operators during NOTES navigation by using the supplemental 
visualisation within the phantom. Subjects improved their performance at navigating 
in a NOTES environment as judged by time taken to complete a set course and 
number of targets visualised.  
Chapter 6 investigated the generated in previous experiment spatial patterns in 
NOTES and reveals the SA and Performance analyses.  Based on the produced data, 
four broad patterns of navigation and learning capability were explored. To our 
knowledge, this is the first study to the qualitatively and quantitatively analyse and 
assess SA, which is described in this chapter. Specific algorithm was created and 
proposed for SA assessment. 
In Chapter 7 the special software/application is described allowing in real time 
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visualise the tracking position of the scope while performing simulated NOTES 
navigation. This created application – SA tracking box, allows us to enhance SA of 
the operator with easy incorporation of EM tracking device with standard endoscopic 
equipment. An important key-factor for NOTES is to provide operators with good 
visualisation and precise location of the endoscope inside the abdominal cavity 
during the whole procedure. This leads to increase of confidence in navigational.  
In each experimental chapter, the limitations of the research have been discussed. 
The original contribution of the thesis can be summarised as follows: 
1. Spatial awareness and disorientation issues in existing navigation and surgical 
platforms designed specifically for NOTES has been investigate with a 
detailed review of the available for NOTES systems, revealing their 
limitations and approaches with regards to spatial awareness. 
2. A method to characterise and compare spatial awareness in NOTES has been 
identified. It has been presented that electromagnetic tracking is a useful tool 
to evaluate the navigational behaviour in the context of NOTES. 
3. The role of supplemental visualisation in NOTES for SA enhancement has 
been explored. This is one of the first reports of spatial navigation behaviour 
strategies employed by surgeons. 
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4. It has been presented a general understanding of the NOTES navigation 
behaviour and its relation to spatial awareness; which available tools and 
applications could be integrated to enhance and/or assess spatial awareness in 
NOTES navigation. 
5. The computer based SA tracking box application has been designed and 
evaluated for the current endoscopic systems, which has been considered as a 
potential tool to enhance spatial awareness and is assessed in the context of 
NOTES navigation.  
 
  
 203 
 
8.2 Future perspectives  
 
In this thesis, first attempts have been described for SA understanding SA, 
particularly in NOTES. First steps have been performed to enhance and assess SA 
using computer based applications and EM tracking systems. Although associated 
with spatial awareness issues have been widely accepted no studies have been 
conducted to understand the behavioural patterns of operators. This research unveiled 
a number of important points for further study. 
 
 
8.2.1 Quantification of SA in NOTES for general use in surgical training 
As mentioned above, SA plays critical role in introduction of NOTES to the clinical 
practice. Although the quantitative analysis has been proposed the further 
investigation is needed to approve this method and implement it in extensive 
educational field. 
As defined in this thesis, four general navigation behavioural patterns can be used for 
training and assessment purposes in medicine, particularly for NOTES training. As 
shown before, navigation could be quantified using the suggested in this work.  
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8.2.2 Implementation of various additional options for SA enhancement in 
NOTES 
 
As mentioned before, SA in NOTES can be enhanced by providing additional 
visualisation and tracking information within a given environment. Although this 
method addresses some of the main problems associated with SA, further 
investigation is required to explore other available options to augment SA with the 
suggested technique. For instance, use of imaging-guided systems (based on pre-op 
MRI or CT) may have a significant impact on the application of SA enhancement. 
 
 
8.2.3 Real-time analysis of EM tracking signal – a method of SA assessment 
 
In this thesis, navigation maps and performance scatter plots have been generated 
and analysed in the context of operator’s SA. As discussed above, this is a very 
useful method of SA assessment. However, this was performed offline and future 
work should focus on recording and assessing SA performance in real-time, 
providing information about navigational behaviour.  
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8.2.4 Incorporation of multiple tools in a SA tracking box for NOTES systems 
The SA tracking box is a novel software/application to enhance SA in NOTES. It 
integrates video feed from the main camera with wired EM tracking information of 
the endoscope. However, there are multiple available tools which could be integrated 
into this proposed application. For example, instead of traditional EM tracking 
system the wireless EM trackers can be used in the proposed design. The proposed 
SA tracking box is able to integrate any type of tracking signals and video feeds, 
therefore for additional visualisation also micro-robotic cameras can be utilised in 
NOTES procedures along with different tracking systems.  
 
 
  
 206 
 
References 
 
 
[1] M. J. Mack, "Minimally invasive and robotic surgery," JAMA, vol. 285, pp. 
568-72, Feb 7 2001. 
[2] K. Reavis and W. Melvin, "Advanced endoscopic technologies," Surgical 
Endoscopy, vol. 22, pp. 1533-1546, 2008. 
[3] B. Chand, J. Felsher, and J. Ponsky, "Future trends in flexible endoscopy," 
Seminars in laparoscopic surgery, vol. 10(1), pp. 49-54, 2003 Mar 2003. 
[4] "ASGBI abstracts 2009 Oral presentations," British Journal of Surgery, vol. 
96, pp. 1-81, 2009. 
[5] M. W. L. Gauderer, J. L. Ponsky, and R. J. Izant Jr, "Gastrostomy without 
laparotomy: A percutaneous endoscopic technique," Journal of Pediatric 
Surgery, vol. 15, pp. 872-875, 1980. 
[6] R. A. Kozarek, C. M. Brayko, J. Harlan, R. A. Sanowski, I. Cintora, and A. 
Kovac, "Endoscopic drainage of pancreatic pseudocysts," Gastrointestinal 
Endoscopy, vol. 31, pp. 322-328, 1985. 
[7] N. Reddy and G. Rao, "Per oral transgastric endoscopic appendectomy in 
human," 45th Annual Conference of the Society of Gastrointestinal 
Endoscopy of India, 2004. 
[8] R. Zorron, M. Filgueiras, L. C. Maggioni, L. Pombo, G. Lopes Carvalho, and 
A. Lacerda Oliveira, "NOTES.Transvaginal cholecystectomy: report of the 
first case," Surg Innov, vol. 14, pp. 279-83, Dec 2007. 
 207 
 
[9] A. N. Kalloo, "Natural Orifice Transluminal Endoscopic Surgery (NOTES)," 
Gastroenterol Hepatol (N Y), vol. 3, pp. 183-4, Mar 2007. 
[10] M. C. Meadows and R. S. Chamberlain, "A review on the status of natural 
orifice transluminal endoscopic surgery (NOTES) cholecystectomy: 
techniques and challenges," Open Access Surgery, vol. 3, pp. 73-86, 10 
September 2010 2010. 
[11] A. A. Gumbs, D. Fowler, L. Milone, J. C. Evanko, A. O. Ude, P. Stevens, and 
M. Bessler, "Transvaginal Natural Orifice Translumenal Endoscopic Surgery 
Cholecystectomy: Early Evolution of the Technique," Annals of Surgery, vol. 
249, pp. 908-912 10.1097/SLA.0b013e3181a802e2, 2009. 
[12] C. Zornig, H. Mofid, L. Siemssen, A. Emmermann, M. Alm, H. A. v. 
Waldenfels, and C. FelixmÃ¼ller, "Transvaginal NOTES hybrid 
cholecystectomy: feasibility results in 68 cases with mid-term follow-up," 
Endoscopy, vol. 41, pp. 391-394, 2009. 
[13] M. P. Clark, E. S. Qayed, D. A. Kooby, S. K. Maithel, and F. F. Willingham, 
"Natural Orifice Translumenal Endoscopic Surgery in Humans: A Review," 
Minimally Invasive Surgery, vol. 2012, p. 8, 2012. 
[14] E. Nugent, O. Traynor, and P. Neary, "Technical Skill Set Training in Natural 
Orifice Transluminal Endoscopic Surgery: How Should We Approach It?," 
Journal of Laparoendoscopic & Advanced Surgical Techniques, vol. 21, pp. 
107-111, 2011/03/01 2011. 
[15] P. W. Chiu, W. L. Mui, W. T. Siu, and E. K. Ng, "Peroral transgastric 
endoscopic ligation of fallopian tubes with long-term survival in a porcine 
model," Gastrointest Endosc, vol. 62, p. 472; author reply 472, Sep 2005. 
 208 
 
[16] R. D. Gibbons, R. J. Baker, and D. B. Skinner, "Field articulation testing: A 
predictor of technical skills in surgical residents," Journal of Surgical 
Research, vol. 41, pp. 53-57, 1986. 
[17] A. Cuschieri, "Visual Displays and Visual Perception in Minimal Access 
Surgery," Surgical Innovation, vol. 2, pp. 209-214, September 1, 1995 1995. 
[18] R. Eyal and F. Tendick, "Spatial ability and learning the use of an angled 
laparoscope in a virtual environment," Stud Health Technol Inform, vol. 81, 
pp. 146-52, 2001. 
[19] I. Hassan, B. Gerdes, M. Koller, B. Dick, D. Hellwig, M. Rothmund, and A. 
Zielke, "Spatial perception predicts laparoscopic skills on virtual reality 
laparoscopy simulator," Childs Nerv Syst, vol. 23, pp. 685-9, Jun 2007. 
[20] M. Keehner, Y. Lippa, D. R. Montello, F. Tendick, and M. Hegarty, "Learning 
a spatial skill for surgery: how the contributions of abilities change with 
practice," Applied Cognitive Psychology, vol. 20, pp. 487-503, 2006. 
[21] D. Risucci, A. Geiss, L. Gellman, B. Pinard, and J. Rosser, "Surgeon-specific 
factors in the acquisition of laparoscopic surgical skills," The American 
Journal of Surgery, vol. 181, pp. 289-293, 2001. 
[22] L. Hedman, P. Ström, P. Andersson, A. Kjellin, T. Wredmark, and L. 
Felländer-Tsai, "High-level visual-spatial ability for novices correlates with 
performance in a visual-spatial complex surgical simulator task," Surgical 
Endoscopy, vol. 20, pp. 1275-1280, 2006. 
[23] J. B. Carroll, Human cognitive abilities: a survey of factor-analytic studies: 
Cambridge University Press, 1993. 
[24] D. A. McClusky, E. M. Ritter, A. B. Lederman, A. G. Gallagher, and C. D. 
 209 
 
Smith, "Correlation Between Perceptual, Visuo-spatial, and Psychomotor 
Aptitude to Duration of Training Required to Reach Performance Goals on 
the MIST-VR Surgical Simulator," The American Surgeon, vol. 71, pp. 13-21, 
2005. 
[25] M. Hegarty, M. Keehner, C. Cohen, D. R. Montello, and Y. Lippa, "The Role 
of Spatial Cognition in Medicine: Applications for Selecting and Training 
Professionals," in Applied spatial cognition: From research to cognitive 
technology.: Mahwah, NJ, US: Lawrence Erlbaum Associates Publishers, 
2007, pp. 285-315. 
[26] A. L. Schueneman, J. Pickleman, R. Hesslein, and R. J. Freeark, 
"Neuropsychologic predictors of operative skill among general surgery 
residents," Surgery, vol. 96, pp. 288-95, Aug 1984. 
[27] D. Rattner and A. Kalloo, "ASGE/SAGES Working Group on Natural Orifice 
Translumenal Endoscopic Surgery. October 2005," Surg Endosc, vol. 20, pp. 
329-33, Feb 2006. 
[28] D. Rattner and A. Kalloo, "ASGE/SAGES Working Group on Natural Orifice 
Translumenal Endoscopic Surgery," Surgical Endoscopy, vol. 20, pp. 329-333, 
2006. 
[29] M. Endsley, "Design and Evaluation for Situation Awareness Enhancement," 
Human Factors and Ergonomics Society Annual Meeting Proceedings, pp. 
97-101, 1988. 
[30] M. R. Endsley, "Theoretical underpinnings of situation awareness: a critical 
review," in Situation Awareness Analysis and Measurement, M. R. Endsley 
and D. J. Garland, Eds.: Lawrence Erlbaum Associates, 2000. 
 210 
 
[31] M. R. Endsley, "Measurement of Situation Awareness in Dynamic Systems " 
Human Factors: The Journal of the Human Factors and Ergonomics Society, 
vol. Volume 37, pp. pp. 65-84(20), March 1995 1995. 
[32] K. Yang, Z. L. Sun, A. P. Kencana, V. A. Huynh, M. Rasouli, S. J. Phee, D. 
Lomanto, and K. Y. Ho, "Enhancement of spatial orientation and haptic 
perception for master-slave robotic Natural Orifice Transluminal Endoscopic 
Surgery (NOTES)," in Robotics Automation and Mechatronics (RAM), 2010 
IEEE Conference on, 2010, pp. 15-18. 
[33] C. D. Wickens and C. M. Carswell, "Information Processing," in Handbook 
of Human Factors and Ergonomics: John Wiley & Sons, Inc., 2006, pp. 
111-149. 
[34] P. A. Hancock and P. A. Desmond, Stress, workload, and fatigue. Mahwah, 
N.J.: Lawrence Erlbaum Associates, 2001. 
[35] R. W. Pew, "The state of situation awareness measurement: heading toward 
the next century," in Situation Awareness Analysis and Measurement, M. R. 
Endsley and D. J. Garland, Eds.: Lawrence Erlbaum Associates, 2000. 
[36] E. B. Entin, "Measuring Situation Awareness in an Attack Helicopter Domain: 
An Exploratory Investigation," Proceedings of the Human Factors and 
Ergonomics Society Annual Meeting, vol. 42, pp. 249-253, October 1, 1998 
1998. 
[37] D. Myttas, "Application of Avatars in Display Design to Support Spatial 
Awareness under Varying Workload Conditions ". vol. Master: NAVAL 
POSTGRADUATE  SCHOOL, 2006, p. 117. 
[38] C. D. Wickens, "Situation Awareness and Workload in Aviation," Current 
 211 
 
Directions in Psychological Science, vol. 11, pp. 128-133, August 1, 2002 
2002. 
[39] T. J. Lyons, W. R. Ercoline, J. E. Freeman, and K. K. Gillingham, 
"Classification problems of U.S. Air Force spatial disorientation accidents, 
1989-91," Aviat Space Environ Med, vol. 65, pp. 147-52, Feb 1994. 
[40] T. E. Heinle, W. R. Ercoline, and A. F. R. L. W.-P. A. O. H. E. 
DIRECTORATE., Spatial Disorientation: Causes, Consequences and 
Countermeasures for the USAF: Defense Technical Information Center, 2003. 
[41] N. Stylopoulos, S. Cotin, S. K. Maithel, M. Ottensmeyer, P. G. Jackson, R. S. 
Bardsley, P. F. Neumann, D. W. Rattner, and S. L. Dawson, 
"Computer-enhanced laparoscopic training system (CELTS): bridging the 
gap," Surgical Endoscopy, vol. 18, pp. 782-789, 2004. 
[42] N. Stylopoulos, S. Cotin, S. K. Maithel, M. Ottensmeye, P. G. Jackson, R. S. 
Bardsley, P. F. Neumann, D. W. Rattner, and S. L. Dawson, 
"Computer-enhanced laparoscopic training system (CELTS): bridging the 
gap," Surg Endosc, vol. 18, pp. 782-9, May 2004. 
[43] C. Sokollik, J. Gross, and G. Buess, "New model for skills assessment and 
training progress in minimally invasive surgery," Surgical Endoscopy, vol. 18, 
pp. 495-500, 2004. 
[44] A. Cao, R. Darin Ellis, A. Composto, A. K. Pandya, and M. D. Klein, 
"Supplemental wide field-of-view monitor improves performance in surgical 
telerobotic movement time," The International Journal of Medical Robotics 
and Computer Assisted Surgery, vol. 2, pp. 364-369, 2006. 
[45] Q. Li, L. Zamorano, Z. Jiang, J. X. Gong, A. Pandya, R. Perez, and F. Diaz, 
 212 
 
"Effect of optical digitizer selection on the application accuracy of a surgical 
localization system-a quantitative comparison between the OPTOTRAK and 
flashpoint tracking systems," Comput Aided Surg, vol. 4, pp. 314-21, 1999. 
[46] N. D. Glossop, "Advantages of Optical Compared with Electromagnetic 
Tracking," J Bone Joint Surg Am, vol. 91, pp. 23-28, February 1, 2009 2009. 
[47] NDI, "Polaris Spectra & Polaris Vicra technical specifications. Accessed 2008 
Oct 31.," 2008. 
[48] F. Picard, F. Leitner, A. Gregori, and P. Martin, "A Cadaveric Study to Assess 
the Accuracy of Computer-Assisted Surgery in Locating the Hip Center 
During Total Knee Arthroplasty," The Journal of Arthroplasty, vol. 22, pp. 
590-595, 2007. 
[49] J. Hummel, M. Figl, C. Kollmann, H. Bergmann, and W. Birkfellner, 
"Evaluation of a miniature electromagnetic position tracker," Medical Physics, 
vol. 29, pp. 2205-2212, 2002. 
[50] NDI, "Aurora Accuracy Performance technical specifications," 2008. 
[51] B. J. Wood, H. Zhang, A. Durrani, N. Glossop, S. Ranjan, D. Lindisch, E. 
Levy, F. Banovac, J. Borgert, S. Krueger, J. Kruecker, A. Viswanathan, and K. 
Cleary, "Navigation with electromagnetic tracking for interventional 
radiology procedures: a feasibility study," J Vasc Interv Radiol, vol. 16, pp. 
493-505, Apr 2005. 
[52] B. J. Wood, J. K. Locklin, A. Viswanathan, J. Kruecker, D. Haemmerich, J. 
Cebral, A. Sofer, R. Cheng, E. McCreedy, K. Cleary, M. J. McAuliffe, N. 
Glossop, and J. Yanof, "Technologies for guidance of radiofrequency ablation 
in the multimodality interventional suite of the future," J Vasc Interv Radiol, 
 213 
 
vol. 18, pp. 9-24, Jan 2007. 
[53] G. Shechter, E. Shen, and D. Stanton, "Measuring and modeling metal 
artifacts on a CT table on AC electromagnetic tracking system accuracy. ," Int 
J CARS, 2006. 
[54] F. Götz, Color atlas of laparoscopic surgery: G. Thieme Verlag, 1993. 
[55] R. D. Rosin, Minimal access medicine and surgery: principles and techniques: 
Radcliffe Medical Press, 1993. 
[56] L. Lauridsen, H. H. Rudal, and K. P. Moesgaard, Laterna Magica in Corpore 
Humano: From the History of Endoscopy: Steno Museum, 1998. 
[57] W. Sircus, "Milestones in the evolution of endoscopy: a short history," The 
journal of the Royal College of Physicians of Edinburgh, vol. 33, pp. 124-134, 
2003. 
[58] G. F. Tassi and J. M. Tschopp, "The centenary of medical thoracoscopy," 
European Respiratory Journal, vol. 36, pp. 1229-1231, December 1, 2010. 
[59] G. S. Litynski, "Kurt Semm and the fight against skepticism: endoscopic 
hemostasis, laparoscopic appendectomy, and Semm's impact on the 
"laparoscopic revolution"," JSLS : Journal of the Society of 
Laparoendoscopic Surgeons / Society of Laparoendoscopic Surgeons, vol. 2, 
pp. 309-313, 1998. 
[60] G. S. Litynski and V. Paolucci, "The history of surgery," World journal of 
surgery, vol. 22, pp. 1108-1109, 1998. 
[61] E. Mühe, "Laparoscopic cholecystectomy--late results," Langenbecks Archiv 
fur Chirurgie. Supplement. Kongressband. Deutsche Gesellschaft fur 
Chirurgie. Kongress, pp. 416-423, 1991. 
 214 
 
[62] A. G. Nagy, E. C. Poulin, M. J. Girotti, D. E. Litwin, and J. Mamazza, 
"History of laparoscopic surgery," Can J Surg, vol. 35, pp. 271-4, Jun 1992. 
[63] A. Cuschieri, G. Buess, and J. PÃ©rissat, Operative manual of endoscopic 
surgery: Springer-Verlag, 1992. 
[64] N. Katkhouda, "Laparoscopic treatment of gastroesophageal reflux 
disease--defining a gold standard," Surg Endosc, vol. 9, pp. 765-7, Jul 1995. 
[65] S. Sauerland, R. Lefering, and E. A. Neugebauer, "Laparoscopic versus open 
surgery for suspected appendicitis," Cochrane Database Syst Rev, p. 
CD001546, 2002. 
[66] J. Rassweiler, A. Tsivian, A. V. R. Kumar, C. Lymberakis, M. Schulze, O. 
Seeman, and T. Frede, "Oncological Safety of Laparoscopic Surgery for 
Urological Malignancy: Experience With More Than 1,000 Operations," The 
Journal of Urology, vol. 169, pp. 2072-2075, 2003. 
[67] J. Colquitt, A. Clegg, M. Sidhu, and P. Royle, "Surgery for morbid obesity," 
Cochrane Database Syst Rev, p. CD003641, 2003. 
[68] K. McCormack, N. W. Scott, P. M. Go, S. Ross, and A. M. Grant, 
"Laparoscopic techniques versus open techniques for inguinal hernia repair," 
Cochrane Database Syst Rev, p. CD001785, 2003. 
[69] A. L. Smith and K. Van Arsdalen, "Case reports: ureteroscopic removal of 
eroded staples in two patients with history of laparoscopic surgery," J 
Endourol, vol. 20, pp. 659-62, Sep 2006. 
[70] K. Sumiyama, H. Tajiri, and C. J. Gostout, "Submucosal endoscopy with 
mucosal flap safety valve (SEMF) technique: a safe access method into the 
peritoneal cavity and mediastinum," Minim Invasive Ther Allied Technol, vol. 
 215 
 
17, pp. 365-9, 2008. 
[71] T. Kobatake, A. Kouchi, M. Hashimoto, M. Ono, and N. Saito, "[First report 
of malignant hyperthermia which occurred during laparoscopic surgery in 
Japan in a patient with typical family history]," Masui, vol. 55, pp. 69-72, Jan 
2006. 
[72] E. Zacharakis, S. Purkayastha, J. Teare, G.-Z. Yang, and A. Darzi, "Natural 
orifices translumenal endoscopic surgery (NOTES)-- Who should perform 
it?," Surgery, vol. 144, pp. 1-2, 2008. 
[73] D. E. Bowman, "ASGE/SAGES Working Group on Natural Orifice 
Translumenal Endoscopic Surgery: White Paper October 2005," 
Gastrointestinal Endoscopy, vol. 63, pp. 199-203, 2006. 
[74] L. Swanstrom, M. Whiteford, and Y. Khajanchee, "Developing essential tools 
to enable transgastric surgery," Surgical Endoscopy, vol. 22, pp. 600-604, 
2008. 
[75] M. M. Juretzka, C. L. Crawford, C. Lee, A. Wilton, S. Schuman, D. S. Chi, Y. 
Sonoda, R. R. Barakat, and N. R. Abu-Rustum, "Laparoscopic findings 
during adnexal surgery in women with a history of nongynecologic 
malignancy," Gynecol Oncol, vol. 101, pp. 327-30, May 2006. 
[76] S. J. Bardaro and L. Swanstrom, "Development of advanced endoscopes for 
Natural Orifice Transluminal Endoscopic Surgery (NOTES)," Minim Invasive 
Ther Allied Technol, vol. 15, pp. 378-83, 2006. 
[77] D. A. Hendrickson, "History and instrumentation of laparoscopic surgery," 
Vet Clin North Am Equine Pract, vol. 16, pp. 233-50, v, Aug 2000. 
[78] J. Marescaux, B. Dallemagne, S. Perretta, A. Wattiez, D. Mutter, and D. 
 216 
 
Coumaros, "Surgery without scars: report of transluminal cholecystectomy in 
a human being," Arch Surg, vol. 142, pp. 823-6; discussion 826-7, Sep 2007. 
[79] J. Bernhardt, B. Gerber, H. C. Schober, G. Kahler, and K. Ludwig, 
"NOTES--case report of a unidirectional flexible appendectomy," Int J 
Colorectal Dis, vol. 23, pp. 547-50, May 2008. 
[80] C. Palanivelu, P. Rajan, M. Rangarajan, R. Parthasarathi, P. Senthilnathan, 
and M. Prasad, "Transvaginal endoscopic appendectomy in humans: a unique 
approach to NOTES—world’s first report," Surgical Endoscopy, vol. 22, pp. 
1343-1347, 2008. 
[81] A. Forgione, D. Maggioni, F. Sansonna, C. Ferrari, S. Di Lernia, D. Citterio, 
C. Magistro, L. Frigerio, and R. Pugliese, "Transvaginal endoscopic 
cholecystectomy in human beings: preliminary results," J Laparoendosc Adv 
Surg Tech A, vol. 18, pp. 345-51, Jun 2008. 
[82] A. Eickhoff, R. Jakobs, A. Kamal, S. Mermash, J. F. Riemann, and J. van 
Dam, "In vitro evaluation of forces exerted by a new computer-assisted 
colonoscope (the NeoGuide Endoscopy System)," Endoscopy, vol. 38, pp. 
1224-9, Dec 2006. 
[83] A. Eickhoff, J. van Dam, R. Jakobs, V. Kudis, D. Hartmann, U. Damian, U. 
Weickert, D. Schilling, and J. F. Riemann, "Computer-assisted colonoscopy 
(the NeoGuide Endoscopy System): results of the first human clinical trial 
("PACE study")," Am J Gastroenterol, vol. 102, pp. 261-6, Feb 2007. 
[84] A. Noll, "Flexible robotic endoscopic technology for surgical and diagnostic 
applications," E-publication ed Strasbourg: eats.fr, 2008. 
[85] A. Belson, "Endoscopie flexible assistée par ordinateur dans la coloscopie et 
 217 
 
la chirurgie endoscopique transluminale par orifice naturel (NOTES)," Acta 
Endoscopica, vol. 37, pp. 657-663, 2007. 
[86] V. Karimyan, M. Sodergren, J. Clark, G.-Z. Yang, and A. Darzi, "Navigation 
systems and platforms in natural orifice translumenal endoscopic surgery 
(NOTES)," International Journal of Surgery, vol. 7, pp. 297-304, 2009. 
[87] R. Kozarek, D. Schembre, W. Spaulding, L. Swanstrom, D. Rex, G. Raju, and 
J. Pasricha, "Initial Application of the ShapeLock(TM) Endoscopic Guide for 
Small Bowel Enteroscopy," Gastrointestinal Endoscopy, vol. 61, p. AB172, 
2005. 
[88] P. Swain, R. Ewers, R. Peh, and V. Sadaat, "New Measurement Methods and 
a Randomized Comparison of Force Transmission Using Flexible 
Endoscopes and Instruments Before and After the Application of 
ShapeLock(TM) Technology," Gastrointestinal Endoscopy, vol. 61, p. AB241, 
2005. 
[89] L. Swanström, Y. Khajanchee, and M. Abbas, "Natural Orifice Transluminal 
Endoscopic Surgery: The Future of Gastrointestinal Surgery," The 
Permanente Journal, vol. 12, pp. 42-48, 2008. 
[90] J. A. Astudillo, E. Sporn, S. Bachman, B. W. Miedema, and K. Thaler, 
"Transluminal endoscopic cholecystectomy: changing the paradigm," 
European Surgery, vol. 40, pp. 111-116, 2008. 
[91] R. I. Rothstein and L. L. Swanstrom, "Use of the Direct Drive Endoscopic 
System (DDES) for In-Vivo Mucosal Resection in a Porcine Model," 
Gastrointestinal Endoscopy, vol. 67, p. AB146, 2008. 
[92] T. A. Stellato, "History of laparoscopic surgery," Surg Clin North Am, vol. 72, 
 218 
 
pp. 997-1002, Oct 1992. 
[93] S. C. Low, S. W. Tang, Z. M. Thant, L. Phee, K. Y. Ho, and S. C. Chung, 
"Master-Slave Robotic System for Therapeutic Gastrointestinal Endoscopic 
Procedures," in Engineering in Medicine and Biology Society, 2006. EMBS 
'06. 28th Annual International Conference of the IEEE New York City, USA, 
2006, pp. 3850 - 3853. 
[94] D. J. Abbott, C. Becke, R. I. Rothstein, and W. J. Peine, "Design of an 
endoluminal NOTES robotic system," in Intelligent Robots and Systems, 
2007. IROS 2007. IEEE/RSJ International Conference on, 2007, pp. 410-416. 
[95] B. W. Miedema, J. A. Astudillo, E. Sporn, and K. Thaler, "NOTES 
Techniques: present and future," European Surgery, vol. 40, pp. 103-110, 
2008. 
[96] M. Rentschler, J. Dumpert, S. Platt, S. Farritor, and D. Oleynikov, "Natural 
orifice surgery with an endoluminal mobile robot," Surgical Endoscopy, vol. 
21, pp. 1212-1215, 2007. 
[97] A. C. Lehman, J. Dumpert, N. A. Wood, A. Q. Visty, S. M. Farritor, and D. 
Oleynikov, "In vivo robotics for natural orifice transgastric peritoneoscopy," 
Stud Health Technol Inform, vol. 132, pp. 236-41, 2008. 
[98] B. C. Shah, S. L. Buettner, A. C. Lehman, S. M. Farritor, and D. Oleynikov, 
"Miniature In Vivo Robotics and Novel Robotic Surgical Platforms," 
Urologic Clinics of North America, vol. 36, pp. 251-263, 2009. 
[99] S. B. Jagannath, S. V. Kantsevoy, C. A. Vaughn, S. S. Chung, P. B. Cotton, C. 
J. Gostout, R. H. Hawes, P. J. Pasricha, D. G. Scorpio, C. A. Magee, L. J. 
Pipitone, and A. N. Kalloo, "Peroral transgastric endoscopic ligation of 
 219 
 
fallopian tubes with long-term survival in a porcine model," Gastrointest 
Endosc, vol. 61, pp. 449-53, Mar 2005. 
[100] M. Sodergren, J. Clark, T. Athanasiou, J. Teare, G.-Z. Yang, and A. Darzi, 
"Natural orifice translumenal endoscopic surgery: critical appraisal of 
applications in clinical practice," Surgical Endoscopy. 
[101] J. Clark, M. Sodergren, D. Noonan, A. Darzi, and G. Z. Yang, "The Natural 
Orifice Simulated Surgical Environment (NOSsE): Exploring the Challenges 
of NOTES Without the Animal Model," J Laparoendosc Adv Surg Tech A, vol. 
19, pp. 211-4, Apr 2009. 
[102] A. J. Chung, P. J. Edwards, F. Deligianni, and G.-Z. Yang, "Freehand 
Cocalibration of Optical and Electromagnetic Trackers for Navigated 
Bronchoscopy," in Medical Imaging and Augmented Reality, 2004, pp. 
320-328. 
[103] Y. Rubner, C. Tomasi, and L. Guibas, "A metric for distributions with 
applications to image databases," in Sixth International Conference on 
Computer Vision Computer Vision, 1998, pp. 59-66. 
[104] Y. Rubner, C. Tomasi, and L. Guibas, "The Earth Mover's Distance as a 
Metric for Image Retrieval," Int. J. Comput. Vision, vol. 40, pp. 99-121, 2000. 
[105] D. R. Leff, F. Orihuela-Espina, L. Atallah, A. Darzi, and G. Z. Yang, 
"Functional near infrared spectroscopy in novice and expert surgeons--a 
manifold embedding approach," Med Image Comput Comput Assist Interv, 
vol. 10, pp. 270-7, 2007. 
[106] M. H. Sodergren, F. Orihuela-Espina, P. Mountney, J. Clark, J. Teare, A. 
Darzi, and G.-Z. Yang, "Orientation Strategies in Natural Orifice 
 220 
 
Translumenal Endoscopic Surgery," Ann Surg, vol. 254, pp. 257-266 
10.1097/SLA.0b013e31822513c6, 2011. 
[107] Clark J, Orihuela-Espina F, Sodergren M, James D, Karimyan V, Teare J, 
Darzi A, and Y. G-Z., "A quantitative scale to define the quality of endoscopic 
torque control during translumenal surgery and its potential as an objective 
measure of endoscopic skill.," Surgical Endoscopy, 2010. 
[108] S. Fowler, M. S. Hefny, E. C. S. Chen, R. E. Ellis, D. Mercer, D. Jalink, A. 
Samis, and L. C. Hookey, "A prospective, randomized assessment of a spatial 
orientation device in natural orifice transluminal endoscopic surgery," 
Gastrointestinal Endoscopy, vol. 73, pp. 123-127, 2011. 
[109] M. Lerotic, A. Chung, J. Clark, S. Valibeik, and G.-Z. Yang, "Dynamic View 
Expansion for Enhanced Navigation in Natural Orifice Transluminal 
Endoscopic Surgery," in Medical Image Computing and Computer-Assisted 
Intervention – MICCAI 2008, 2008, pp. 467-475. 
[110] T. Stüdeli, "Surgical wayfinding and navigation processes in the human 
body," Cognitive Processing, vol. 10, pp. 316-318, 2009. 
[111] A. Fiolka, S. Gillen, A. Meining, and H. Feussner, "ELITE -The ex vivo 
training unit for NOTES: Development and Validation," Minimally Invasive 
Therapy & Allied Technologies, vol. 19, pp. 281-286, 2010. 
[112] S. Gillen, D. Wilhelm, A. Meining, A. Fiolka, E. Doundoulakis, A. Schneider, 
S. v. Delius, H. Friess, and H. Feussner, "The ”ELITE” model: construct 
validation of a new training system for natural orifice transluminal 
endoscopic surgery (NOTES)," Endoscopy, vol. 41, pp. 395,399, 05.05.2009 
2009. 
 221 
 
[113] S. Gillen, A. Fiolka, M. Kranzfelder, P. Wolf, M. Feith, A. Schneider, A. 
Meining, H. Friess, and H. Feussner, "Training of a standardized natural 
orifice transluminal endoscopic surgery cholecystectomy using an ex vivo 
training unit," Endoscopy, vol. 43, pp. 876,881, 07.10.2011 2011. 
 
 
